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Abstract

Alzheimer’s disease (AD) and Parkinson’s diseases (PD) are neurodegenerative diseases
that affect 60 million people worldwide. Both diseases are linked to the misfolding of
proteins from their native conformational state into b-sheeted amyloid fibrils. In AD the
implicated proteins are amyloid-b and tau, and for PD the implicated protein is a-synuclein
(aSyn). The motivation for this work is to develop and use physical techniques to better
understand the role of amyloid proteins in neurodegenerative diseases. Two techniques used
in amyloid research are fluorescence microscopy, to map the protein location and aggregation
state, and electrophysiology, to examine the effect of the proteins on neurons. To enable
these techniques to be combined, a transparent graphene microelectrode array (MEA) was
designed, fabricated and characterised. The active electrode site was graphene since it is
electrically conductive, optically transparent and biocompatible. The graphene MEA was
characterised using Raman spectroscopy to check the graphene quality, and electrochemical
impedance spectroscopy (EIS) to probe the electrode-electrolyte interface. The graphene
MEAs enabled voltage trace recordings from cultured neurons to be combined with widefield,
confocal fluorescence and fluorescence lifetime imaging microscopy (FLIM). Combining
fluorescence imaging and electrophysiology will allow amyloid aggregation to be correlated
with neuronal firing patterns. Another physical technique used was Fourier transform infrared
spectroscopy (FTIR). A script was written to estimate the protein secondary structure content,
and used to investigate polymorphism in the monomeric amyloid protein aSyn.
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Chapter 1

Introduction

1.1 Scope and overall aims

Alzheimer's disease (AD) and Parkinson's disease (PD) are neurodegenerative diseases.
Implicated in the disease mechanisms of AD and PD, are the misfolding of proteins from
their native conformational state into amyloid brils. We wanted to address whether the
location and aggregation state of amyloid proteins in neurons leads to electrophysiological
changes in neurons. This required the development of transparent microelectrode arrays
(MEAs) which can combine electrophysiological recordings with advanced uorescence
imaging techniques. In addition to this, we wanted to address how the local environment
determines the structural polymorphism of monomeric amyloid proteins. This was performed

in vitro using Fourier transform infrared (FTIR) spectroscopy.

1.2 Motivation

AD and PD are both neurodegenerative diseases. AD affect@&db million people world-

wide in 2015 [l] and PD affected 8—15 million people worldwide in 202]. [Both diseases
become more prevalent with age. AD and PD are both linked to the misfolding of proteins
from their native conformational state into amyloid bril8][ The formed amyloid brils

are insoluble in aqueous conditions and have a charactdristieeet secondary structure

[4]. In AD the implicated misfolded proteins are amyldidin the form of senile plaques

and tau in the form of neuro brillary tangles. For PD the implicated misfolded protein is
a-synuclein (aSyn) present in Lewy body intracellular inclusions. This thesis focuses on the
aggregation of tau and the monomeric polymorphism of aSyn since this relates to previous
work performed in the group.
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The normal physiological role of tau protein is as axonal microtubule associated protein,
which stabilises the microtubules required for structure and transplofEkogenous tau
is taken up by neurons and propagated from neuron to ne6toi e tau pathology in
AD patients starts in the entorhinal cortex and spreads across the brain in a de ned pattern
which correlates with the cognitive decline observed in clinical AP The mechanism by
which tau is transferred between the brain regions is disputed however, and could be due to
secretion [8], trans-synaptic spread [9], tunnelling nanotubes [10] or microglia [11].

The normal physiological role of aSyn is not fully understood. ASyn is expressed in
the brain, and exists as a soluble intrinsically disordered monat@grii the presynaptic
terminal of neurons13]. The proposed physiological roles for aSyn at the presynapse
are to modulate synaptic vesicle release; as a chaperone; to regulate synaptic plasticity
and to modulate lipid, dopamine and glucose synthdsfs [ASyn is implicated in PD
because insoluble brillary aSyn has been identi ed in the Lewy body intracellular inclusions
associated with the diseaskb[ 16], and because mutations in the SNCA gene which encodes
aSyn correlate with familial PD.

A wide range of physical techniques can be used to better understand the role of amy-
loid proteins in neurodegenerative diseases. This work presents three techniques used to
study these proteins in more detail 1) electrophysiology using MBASI8], 2) advanced
uorescence imaging [19, 20] and 3) FTIR [21, 22].

MEAs are arrays of electrodes onto which electrogenic cells (neurons or cardiomyocytes)
are grown. The MEAs record the external potential generated when the cells re action
potentials 3. MEAs have been used in studies related to AD, and speci cally to see
how amyloidb modulates neuronal ring event47, 24, 18]; to uncover synaptic changes
in transgenic mouse models of ARY]; for AD drug screening26]; and as a diagnostic
biomarker [27].

In uorescence microscopy, uorescent labels are targeted to speci c organelles in a
biological species, and imaged to create a spatial uorescence map of the organelle. The use
of confocal uorescence microscopes allows a high resolution2®0 nm to be achieved,
limited only by the diffraction of light. This technique has been used extensively to study
amyloid proteing28]. Fluorescence lifetime imaging microscopy (FLI2P] maps the
lifetime of the uorophore across the sample. It has been used in previous studies to map the
aggregation state of amyloid proteiimsvitro and in cell models [30].

Combining uorescence imaging with electrophysiological recordings, will give the
advantages of the high temporal resolution of MEA recordings linked to the high spatial
resolution and mapping of the underlying cellular and molecular structures possible with the
imaging techniques3fl, 32]. This should open up a wealth of possible experiments in the
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eld of amyloid research. One problem that can be addressed is how the aggregation state of
tau affects its propagation between neurons and neuronal electrophysiology. If uorescently
labelled tau is added to a neuronal cell culture, a spatial map of the location and aggregation
state of tau can be obtained using FLIM. In combination with this, the effect of tau on
neuronal signalling can be measured for 10s of neurons using a MEA. Combining these data
will enable the testing of the hypothesis that neuronal stimulation increases the transfer of
tau and enhances tau patholo8y33], whereas blocking neuronal stimulation decreases the
tau transfer [9].

Most MEAs have opaque recording electrodes, so imaging cannot be combined with MEA
recordings on an inverted microscope. However, transparent graphene electrodes are ideal for
this application as they are electrically conductive, optically transparent, biocompatible and
chemically stable32]. Transparent graphene MEAs that have been previously fabricated
were used in combination with wide eld, confocal uorescence and two-photon microscopy
[34, 35 however, were not compatible with techniques like FLIM. In addition, the previously
fabricated graphene MEAs could not be used on commercially available ampli ers, and
therefore had a limited application in electrophysiology labs.

A complimentary understanding of amyloid proteins can be obtained from FTIR. FTIR is
a vibrational absorbance spectroscopy used to gain structural information about a sample. It
is commonly used to identify the secondary structure composition of proteins by looking
at the amide vibrations and is ideal for examining misfolded proteins and amyhoiiso.

FTIR can be used to identify the presence of amyloids from their higheet content],
and can also distinguish between nativsheet proteins and amyloid proteir3§]. FTIR
analysis has been used to study amyloif87, 21], tau [38] and aSyn [22, 39].

The motivation for this work was to develop and use physical techniques to better
understand the role of amyloid proteins in neurodegenerative diseases such as AD and
PD. The rst technique developed was a transparent graphene MEA. This enabled MEA
recordings to be combined with advanced imaging modalities which, combines the high
temporal resolution of MEA recordings with the high spatial resolution and exibility of
uorescence imaging. The second technique developed was FTIR spectroscopy, which was
used to gain an understanding about the secondary structure of the proteins.

1.3 Main contributions

In this work, physical techniques was developed to better understand the role of amyloid pro-
teins in neurodegenerative diseases. The main contributions from this work are summarised
below.
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Development of a transparent graphene microelectrode array.Microelectrode
arrays were a new technology to the lab and there was little experience of this technique
at the start of this project. A graphene MEA was designed, fabricated, characterised
and used with neuronal cell cultures. The unique features of this graphene MEA are as
follows:

— The use of a coverslip as the graphene MEA substrate, to enable compatibility
with advanced imaging modalities like FLIM.

— The identi cation of poly(methyl methacrylate) (PMMA) aril,O3 as suit-
able encapsulation layers for a graphene MEA. Also, the use of PMMA as an
encapsulation layer for recording voltage traces from ring neurons.

— The design, fabrication and use of a graphene MEA with a commercial ampli er
purchasable from Multichannel Systems.

— Maskless lithographies were used for each patterning step, to enable customisable
electrode geometries to be fabricated.

Comparison of the equivalent circuit models for graphene MEAs.A comparison

was made between the equivalent circuit models (ECMs) used in previous studies to
describe the electrochemical impedance spectra (EIS) of graphene MEAs. Evidence
was provided that the modBIL+ C2=(R2+ W), whereR is a resistorC a capacitor
andW a Warburg element, ts the experimental data and is physically relevant.

Comparison of voltage traces between graphene electrodes and TiN electrodes.
The voltage traces recorded by the graphene electrodes were compared for the rst
time to voltage traces from commercially available TiN electrodes purchased from
Multichannel Systems. The graphene electrodes had a similar signal to noise ratio to
the TiN electrodes, and as high as similar graphene devices in previous studies.

Electrophysiological recordings in combination with advanced imaging. The
graphene MEA inserted in an ampli er could be easily mounted on an inverted mi-
croscope. FLIM was shown for the rst time to be achievable for cells on a graphene
MEA that voltage traces had been recorded from.

Fourier transform infrared spectroscopy of a-synuclein. An analysis of the sec-
ondary structure of lyophilised monomeric aSyn at pH 7, pH 4 and with the addition of
CaCb was performed.
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1.4 Thesis structure

In Chapter 2, a background to graphene MEASs is given. First an introduction to measuring
neuronal electrophysiology and the available technologies to do this is given. Then MEAs are
covered including the coupling between a neuron and an electrode, protocols for processing
the recorded voltage traces, and the manufacturing of MEAs. This chapter focuses on
the development of transparent MEAS, with graphene MEAs being the most promising
technology in this area. Finally, an introduction to the material graphene is given.

Chapter 3 contains the background to each characterisation techniques used in this
work. The materials characterisation techniques described are Raman spectroscopy, direct
current (DC) testing, ultraviolet-visible (UV-vis) spectroscopy, electrochemical impedance
spectroscopy and atomic force microscopy (AFM). The uorescence microscopy techniques
introduced are confocal microscopy and uorescence lifetime imaging microscopy (FLIM).
Finally, the use of FTIR to understand protein secondary structure is presented.

Chapter 4 describes the design and fabrication of a graphene MEA. It contains the
constraints for building a MEA capable of combining electrophysiological recordings with
advanced uorescence imaging techniques on an inverted microscope. Each component of
the graphene MEA (namely the substrate, electrode, connecting leads and encapsulation
layer) is described, along with how they meet the constraints. A nal design is proposed
along with a fabrication protocol for manufacturing graphene MEAs.

The electrochemical impedance spectra of the fabricated graphene MEA are characterised
in detail in Chapter 5. The electrical properties of the leads, encapsulation layer and graphene
are rst assessed. The experimental impedance spectra of graphene MEAs are presented and
discussed. Then the ECMs used in previous graphene MEA studies are compared, and an
ECM is chosen that ts the recorded data and makes physical sense. This is then used to
identify device breakdown from the EIS spectrum.

After designing, fabricating and characterising the device, Chapter 6 presents the proof of
concept for combining voltage trace recordings with advanced uorescence imaging. \Voltage
traces are recorded from mouse neuronal cultures on a graphene MEA and compared to
voltage traces obtained on a conventional opaque TiN MEA. Spike detection was performed
on both devices to identify the neuronal action potentials. Following this, the imaging
modalities wide eld, confocal uorescence and FLIM were shown on each material used to
fabricate the graphene MEA. Finally, wide eld, confocal and FLIM imaging were shown on
the graphene MEA voltage traces had been recorded from.

In Chapter 7, the complimentary technique FTIR spectroscopy is used to analyse the
secondary structure of monomeric aSyn. A protocol is presented to for how to obtain
the secondary structure composition from a protein FTIR spectrum. The protocol is then
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applied to understand the structure of monomeric aSyn in physiologically reievatb
environments.
Chapter 8 sets out the conclusions of this work.



Chapter 2

Background to graphene microelectrode
arrays

The misfolding of amyloid proteins to form amyloid brils is implicated in Alzheimer's
disease (AD) and Parkinson's disease (PD). To address how the location and aggregation
state of amyloid proteins in neurons leads to electrophysiological changes in neurons, elec-
trophysiological recordings should be combined with advanced uorescence imaging. Since
uorescence microscopes are commonly built in an inverted setup this requires the fabrication
of transparent microelectrode arrays (MEAS). Graphene MEAs were identi ed as a suitable
technology to enable this.

In this chapter, the background to a graphene MEA is described. Neuronal electro-
physiology is introduced with a description of the different technologies for recording and
stimulating neurons. The technology developed in this thesis is a transparent graphene MEA.
Therefore, MEAs are introduced, with a focus on the coupling between the neuron and
electrode, and processing the recorded voltage traces. The different MEA electrode materials
are then considered, with a focus on transparent electrodes, the most promising of which is
graphene. The previously fabricated graphene MEAs are described and nally, the material
graphene is introduced.

2.1 Electrophysiology of neurons

Electrophysiology is the study of cells which can generate and transmit electrical signals
(neurons or cardiomyocytes). Electrophysiology can be studied across a range of length
scales from single ion channels, to single cell activity, to network dynamics of hundreds of
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neurons, to whole organ dynamics. This thesis focuses on the single cell to network level of
understanding of neurons.

2.1.1 Neuronal action potentials

Fig. 2.1 Schematic showing the movemeniai" (blue) andK™ (red) ions in a neuron during

an action potential. The sodium-potassium ion pump in the cell membrane maintains its
action throughout the action potential. When the action potential res, selective ion channels
open depolarising the cell with an in ux dfia* ions, followed by an ef ux ofK* ions
repolarising the cell.

Neurons are electrochemically excitable cells which transport and process information
throughout the nervous system. A human brain hd€'! neuronal cells, each cell can have

10;000 connections40]. Each neuron has three major regions: the roughly spherical
soma (5-2@m in diameter); the dendrites(2 mmin length) and the axon (1-10@m
long and 1-2@min diameter). These are contained within the cell membrane a (8-10 nm
thick) hydrophobic phospholipid bilayer which acts as a barrier between the cytoplasm and
the extracellular spacd]]. Inside this neuronal membrane are many organelles, and the
cytosol which is rich in N&, K*, C&* and CI" ions [42)].

At rest, the intracellular space of a neuron is negatively charged with respect to the
extracellular space, with a potential difference ob65mV. The potential difference is
maintained by selective ion pumps in the cell membrane. The most major pump is the
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sodium-potassium pump which works against the concentration gradient, pukipintp
the cell, andNa* andC&* out of the cell. This gives a membrane capacitance ofiB@&m 1
[41].

When the neuron is depolarised beyond a threshold of 40-55 mV, an action potential
res (Figure 2.1). The action potential is initiated by opening of sodium channels in the cell
membrane for 1ms. This results in an in ux oNa" to the cell, reversing the membrane
potential. The sodium channels then close and potassium channelsdpemws out of the
cell, re-polarising the membrane. After a small undershoot, the resting potential is restored
by the sodium-potassium pumps [42].

The action potential is initiated at the axon hillock, where the axon protrudes from
the soma. It propagates down the axon because a potential difference is induced between
the excited and unexcited axonal regions. The potential difference leads to the generation
of small local currents which stimulate unexcited areas further along the axon, causing
an action potential to be transmitted. The refractory period dfms at the end of an
action potential before the neuron can re again, ensures the action potential propagates
in a single direction. When the action potential reaches the end of the neuron, chemical
neurotransmitters are released from vesicles in the axon terminal. The neurotransmitters
diffuse across the 10-50n synaptic cleft before binding to a receptor at the post synapse.
The receiving postsynaptic cell responds to the neurotransmitter by either depolarising or
hyperpolarising its cell membrane and thus increasing or decreasing the likelihood of the
recipient cell ring. This propagation mechanism ensures that the action potential signal has
a xed size and duration over the entire axon length therefore, information is transmitted
between neurons via the frequency and pattern of the received action potentials [42].

2.1.2 Technologies for recording action potentials

A number of technologies exist which can make electrophysiological measurements with
single cell resolution. These include intracellular sharp or patch electrodes; extracellular
MEAs; optical imaging with uorescence indicators or genetically encoded molecular probes;
or techniques based on magnetism [43].

Intracellular recordings measure the potential difference between the intracellular and
extracellular space. This is achieved by either patching to the cell membrane using a thin
glass tube containing a wire and lled with saline solutidd,[45], or through inserting sharp
electrodes into the celdp]. The recorded intracellular action potentials show a positive
depolarisation period followed by a negative repolarisation period, are 10s mV in amplitude
and last <2 ms. Since the electrode has an extremely good coupling with the cell, a very high
SNR (signal to noise ratio) can be obtained. The high SNR combined with a high temporal
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resolution enables the detection of both action potentials and sub-threshold potentials across
the whole dynamic range of the celld]. The major drawbacks of intracellular electrodes
however, is the cell is perturbed when electrodes are inserted which can change the pattern of
ring [ 47] and limits the lifetime of the recordings to minutes or hours. Additionally, this is

a low throughput technique since insertion of electrodes is achieved on a cell-by-cell basis
and requires large micromanipulators to insert the electrodes [43].

Extracellular recordings can be made when the cells sit on top of the electrodes and
the potential between the extracellular space, and a reference electrode is measured. Many
extracellular electrodes can be placed on a single device, creating MEAs which enable the
simultaneous recording of large populations of cells. Since the extracellular electrodes do not
penetrate the cells, they can be used over long time periods up to months. the extracellular
recordings of action potentials are the convolution of sigi¥8$closer than 100 umto
the electrod¢49]. The local eld potentials (LFPss 300 H2 recorded are the superposition
of the average uctuations in voltage arising from the extracellular ionic current around
the electrodg47]. The fast extracellular action potentials (or spikes, 300-3000 Hz) have a
spike amplitude of0s pvVand a low SNR43]. In addition, the spatial resolution of MEA
electrodes is conventionally limited to 10 um by the size of the recording electrode.

Another technique with single cell resolution is optical electrophysiology, where a
reporter molecule translates the electrical potential (or a derivative of this) into to an optical
signal which is often a change in uorescence. The most common optical techniques are
voltage sensitive dyes, genetically encoded uorescent dyes and calcium s&tdorhp
optical techniques have advantages that they do not require physical contact with the cells;
can achieve a high spatial resolution; can probe many neurons simultaneously and can
target speci c cellular and sub-cellular sites by genetic encoding. However, the techniques
traditionally suffer from a low photon count, and slow change in uorescence which cannot
capture the fast 1 ms action potentials [31].

Electrophysiology based on magnetism, uses the changes in magnetic eld generated by
ionic ow to measure electrical activity in cells. Traditional techniques such as functional
magnetic resonance imaging, electroencephalography, electrocorticography and magnetoen-
cephalography43] are used with large neuronal populations and low spatial resolutions of

mm’s, or require bulky detector§]]. More recently, nitrogen-vacancy quantum defects in
diamond has enabled the time-dependent magnetic elds produced by single-neuron action
potentials to be measurebld. Magnetic sensing has the advantages of being noninvasive,
label-free, and able to detect neuronal activity through tissue and whole organisms. However,
the SNR achieved is much lower than for other electrophysiological techniques [51].
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2.1.3 Technologies for stimulating neurons

Spontaneous electrical activity can be recorded from cultured neurons, however it can be
challenging to understand the origins of the measured spikes, and the propagation of the
signal though the network. Arti cial external stimulation of identi ed cells can provide a way

to assess the response of the system. External stimulation can be achieved using chemical,
electrical or optical techniques. Whereas for recording techniques, the main consideration is
noise reduction, for stimulation the main consideration is to avoid electrode or tissue damage.

Chemical stimulation can be used to depolarise or hyperpolarise the neuron and elicit or
prevent an action potential being red. This is performed by applying salts like K8} pr
neurotransmitters like glutamat®4]. The applied chemical can either be added through a
bath application, affecting the whole cell cultus®], or it can be applied locally to speci c
areas using puffer pipettes or micro uidics [56].

Electrical stimulation occurs by intra- or extra-cellular charge injection. The charges are
delivered from the electrode and cause a buildup of membrane potential and activate voltage
sensitive ions under a suf ciently high eld. The charges used are typically hhG¢m * in
pulses of 0.1-Insin length. Individual neurons can be targeted using intracellular electrodes
[57], and networks of neurons can be targeted over long time scales using external MEAs
[58]. The electrical stimulation techniques however, are not suitable for inhibiting action
potentials, and can damage the cells at high stimulation intensities.

Neurons can also be stimulated using optical technigues via optogenetics, or light induced
chemical stimulation. Optogenetic techniques use proteins which can modulate neuronal ac-
tivity upon exposure to light, for example channelrhodopsin, light-gated ionotropic glutamate
receptor or halorhodopsil]]. Alternatively, chemical species can be stored in inert cages
and locally released upon exposure to ligh][ The optical techniques have the advantages
of being able to stimulate or inhibit with spatial, temporal and genetic speci city.

2.2 Microelectrode arrays

MEAs are an assembly of external electrodes, of a similar size to the cells they are recording
from. The rst MEAs were developed by Gross in 197Z8] and Pine in 198040]. They are

now in widespread use in neuroscience research, with many companies offering either the
hardware or software associated with MEAs including Alpha MED Sciences, Japan; Axion
Biosystems, USA; Qwane Biosciences, Switzerland; 3-Brain, Switzerland; Multichannel
Systems, Germany; Plexon Inc., USA; Tucker-Davis Technologies, USA [61].
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2.2.1 Applications of microelectrode arrays

External electrode arrays can be used in fundamental reseancio as implants32], in vitro

with cell cultures 7] and with brain slicesg2]. The external electrodes also nd regular
clinical use today in pacemakers, cochlear implaa@ &nd to treat epilepsy. They also
show promise as deep brain simulators in PD [63] and in prosthetics for paraplegic patients
[64]. Somein vivo applications include drug discovergd], toxicity studies g1], brain-
computer interfacingg4], understanding neuronal functio@€], and understanding neuronal
network dynamicsg7]. Electrophysiological studies have also been applied to investigate
AD, speci cally to see how amyloidr modulates neuronal ring eventd7, 24, 18]; to
uncover synaptic changes in transgenic mouse models o2BDfpr AD drug screening

[26]; and as a diagnostic biomarker [27].

One system of interest related to the study of amyloids is the propagation of tau protein
between neurons. Tau is an axonal microtubule associated protein found in neurons, it
stabilises the microtubules required for structure and transpprtTlhe progression of
clinical AD correlates with the hyperphosphorylation, aggregation and spreading of tau
across the brain. Tau pathology in AD patients starts in the entorhinal cortex and spreads
across the brain anatomically in a de ned pattern which correlates with the cognitive decline
observed in clinical AD 8, 7]. The mechanism by which tau is transferred between cells
however is disputed, and could be due to secre@hrtfans-synaptic spreadj, tunnelling
nanotubes0] or microglia [11]. Neuronal stimulation leads to an increase in tau spreading
and potentially to an increase in aggregation (preliminary data found in our lab). The increase
in tau aggregation can be measured using uorescence lifetime imaging microscopy (FLIM)

[6].

2.2.2 Lumped circuit model of the neuron-electrode interface

The neuron adheres to the electrode via electrostatic and chemical interactions. A lumped
circuit model (LCM) can be used to describe the neuron-electrode interface using linear
electrical components. The interface can be divided into three sections: 1) neuron to
electrolyte conduction; 2) volume conduction through the electrolyte, across the cleft and

3) electrolyte to electrode conduction (Figure 2.2). Additionally, the recording electronics
are represented in this model by the wire resistdfigg, shunt capacitand@snntthrough

the encapsulation layer, and the ampli er. The wire resistance, can be broken down into the
resistances of each of the materials, plus the contact resistance between each of the materials.
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Fig. 2.2 Lumped circuit model using linear circuit elements to describe the electrical proper-
ties of a neuron (orange) coupled to a graphene electrode through a saline cleft. The device
contains a substrate (light blue), graphene electrode (black hexagon), connecting lead (dark
blue) and encapsulation layer (red).

2.2.2.1 Neuron-electrolyte interface

The Hodgkin-Huxley model (Figure 2.3) represents the neuron-electrolyte behaviour by
describing the ionic currents with linear electrical components. The cell membrane has
a capacitanceCy, and a currenic = Cy(dVin=dt), whereV,, is the potential across the
cell membrane antis time. The voltage gated ion channels are dependent on membrane
potential, described by variable resistors with conductggee 1=R;, and currents; = gqVq
whereq = Na, K. All other ions are collectively described by a leakage conductgnand
potentialV, .

The total membrane current is the sum of capacitive and ionic currents, and can be solved
for a uniformly behaving axon as:

im= ¢+ iNnat ik +iL (2.1)

im= Cn(dVin=dt) + gna(Vm WNa)+ Ok(Vm k) + 9L(Vm W) (2.2)

whereV, are the equilibrium potentials for the ions avidis the potential that gives zero
leakage currentd9]. This model can be applied to an action potential as follows. At rest,
Ok >> Qna SO the potential lies ne&%. When the membrane is depolarisga greatly
increases, leading the potential towa¥ig, which drops again when the ion channels close
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Fig. 2.3 The Hodgkin-Huxley model describing the neuronal cell membrane potential using
linear electrical elementsCy, is the cell membrane capacitand®, and E, are the ion
channels witm = Na K for the voltage gated channels and L describing all other ions.

andgna decreases again. When the sodium ion channels close, potassium channejg open,
greatly increases, leading the potential back to Mgar

2.2.2.2 Conduction through the electrolyte

The neuron-electrode cleft is 20100 nm acr@s3 70], and lled with electrolyte. The
diffusion of ions across the cleft gap is described by the spreading resi®aneg; solution
resistancdRyg, seal resistancBseg and Helmholtz-diffuse capacitan€gq [71].

The spreading resistance is caused by the high current density close to the small electrode
surface [72], described for a circular electrode as:

s

Rspread= ar

; (2.3)

wherer g is the resistivity of the solution, andis the radius of the electrod&3]. The
spreading resistance decreases with decreased electrolyte resistivity, and increased electrode
size. An electrode with a diameter of @t in phosphate buffered saline solution, has
a spreading resistance of 4.7-B\W, which is assumed to be negligible compared to the
electrode-electrolyte resistance [72].

The sealing resistance describes the ionic current that leaks out of the neuron-electrode
cleft. The SNR can be increased by a high sealing resistance which gives a low leakage
current [47]. The simplest mathematical description of the sealing resistance is

r
Rsea| = I_S .d (2.4)
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wherer s is the solution resistivity, is the neuron-electrode distance ahid a coef cient
describing the proportion of the electrode area covered by the cell. Sealing resistance
increases with a decreased neuron-electrode distance, and an increased coverage of the
electrode by the neuron. A maximum SNR occurs when the neuron covers and binds tightly
to the electrodeq2]. Adhesion promoting proteins such as laminin, bronectin, L1lg6 and
poly-L-lysine are used to increaBge4 [40]. By monitoring the changes iRge OVer time,
changes to the cell adhesion can be monitored [72].

2.2.2.3 Electrolyte to electrode interface

The cleft-electrode interface can be described in isolation from the neuronal effects by the
electrode impedancé.. A Randles model is often used which combines a resiRon
parallel with a capacitdCe, in series with the spreading resistaiegread[ 74]. The capacitive
charging describes how the ion distribution in the cleft causes electron redistribution in the
electrical double layer and the electrode. The resistive component describes the Faradaic
electrochemical reactions occurring at the electrddi [At low frequencies, the capacitive
effects dominate whereas at high frequencies the resistive Faradaic effects dominate [75].
The electrical double layer is described by the Helmholtz-diffuse capacitance formed
by the distribution of ions around the interface. At the cell-electrolyte interface, the inner
Helmholtz layer or hydration sheath is a monolayer of highly orientated water molecules.
This is followed by the outer Helmholtz plane, a layer of ions. The ion concentration decays
with distance from the electrode forming the Gouy-Chapman diffuse-charge#8je€Chgq
is the series capacitance of the Helmholtz double layer and the Guoy-Chapman capacitance's.
The simple resistor-capacitor model can guide the choice of material used for the elec-
trode. Ideally polarisable electrodes have an in nite Faradaic resistance, and are modelled by
a capacitor, whereas ideally non-polarisable electrodes have zero Faradaic resistance. Ideally,
stimulating electrodes are highly polarisable electrodes which can accommodate a large
amount of injected charge through the electrical double layer before starting Faradaic reac-
tions. Anincreased capacitance generally leads to a reduction in noise levels alongside a wider
voltage window for safe stimulatior’}]. Physical electrode materials behave in either a pre-
dominantly Faradaic, or capacitive manner, but will exhibit both behaviairis Examples
of predominantly Faradaic materials include gold, platinum, titanium, and iridium, iridium
oxide, stainless steel, and semiconductors such as silicon, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT). Predominantly capacitive materials include titanium nitride,
tantalum-tantalum oxide and carbon nanotubes [63, 77].
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2.2.3 Processing voltage traces

MEAs measure the change in the extracellular electric eld caused by ionic ows from
the neurons closest to the electrode. The actual sign, magnitude and shape of the detected
potential depend strongly on the coupling of the cells through the electrode-neuron interface.
Measured voltage traces generally consist of a low frequency background potential with fast
spikes superimposed on this. Low frequency LFP (<300 Hz) variations are generated by the
synchronised synaptic currents across many neurons and through the formation of dipoles.
High frequency ( 1kHz) spikes are assumed to be cause®lbyandK™* transients from

action potentials. The measured spikes have an amplitude of 10\{PBst< 2ms and

vary in morphology [49].

2.2.3.1 Electronic noise

Obtaining information from a MEA voltage trace requires separating the spikes from the
background LFP and noise. The background noise can come from many sources: the
biological environment, which includes the action potentials of distant cells, subthreshold
events and synaptic activity; noise contributions from the ampli er; and also the electronic
noise.

The electronic noise in an MEA arises from the electrode resistance and the electrode-
electrolyte interface. The electrode resistance, R (or real impedag@@),) of the electrode
and leads creates the Johnson, or white noise, which has a at spectrum. For a system with a
resistanceR, and bandwidthDf, the root mean square (RMS) resistive component of the
Johnson noisgy; is: D

Vhy=  4ksTRDf (2.5)

wherekg is the Boltzmann constant afidis temperature. Plot 2.4 shows how the RMS square
of the resistive noise varies with the device resistance and the bandwidth of the recording, eg.
a device with 10&Wresistance and a bandwidth of 10 kHz has a noise gii.Although
the simple relationship between decreased electrode impedance and increased SNR does
not necessarily hold quantitativelyg], having a low electrode resistance is important to
minimise the thermal noise.

Other types of electrical noise include the shot nolsd, noise and 50 Hz noise. The
shot noisejns, 0ccurs because current is the quantised ow of individual electrons and is
equal toins= =~ 2eiy.Df wheree is the electron charge angk is the dc current. Thé=f
noise, or icker noise has a number of origins, normally related to the current (for a MEA the
electrode-electrolyte interface at <10 Hz). Interference noise at 50 Hz comes from the hum
associated with alternating current at the frequency of the mains electricity. The different
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Fig. 2.4 Plot showing how the root mean square of the resistive noise varies with the device
resistance and the bandwidth of the recording.

noise components add to give a total noise in the recorded voltagg ef V2 + V2,
whereVy: andV,, are different noise components [79].

2.2.3.2 Signal to noise ratio

If both the amplitude of the signal and the noise are known, the SNR can be calculated as:
SNR= = (2.6)

whereVs is the signall, is the noise, or ilB as:

P V,
SNRdB) = 10log;, 55 = 20logq \TS (2.7)
n n

wherePs andP, are the power of the signal and noise, respectively.

In MEAs the signal is the peak-to-peak voltagg p, and the noise can be calculated as
the RMS nois&/ms, [80], 2 Vims[32] (to account for the positive and negative amplitudes),
or the mean absolute deviation (MADJvap [81]. The RMS can be calculated as:

V
u
Vims = P

jVai® (2.8)
1

2|~
T Qo=

whereN is the number of measurementds an index andly is the voltage amplitude. The

MAD can be calculated as: N

1o . —,
Wab= - a Vg Vi (2.9)
NG,
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whereV is the mean voltage.

2.2.3.3 Processing voltage traces

MEA recordings contain a combination of LFRs 800Hz) and action potentials (300—
3000 Hz). To a rst approximation, the LFPs can be considered as biological noise, and
just the spikes are considered. Spike analysis is performed in three steps: Itering the raw
data, detecting spikes and sorting the spikes. Firstly, the raw data is band pass ltered at
300-3000 Hz to remove the low frequency LFP and noise. Secondly, spike detection is
performed by amplitude thresholding, two-point procedures or template matching. With
amplitude thresholding, the most common detection method, a ring event is identi ed when
the measured potential is greater than a set threshold value, the threshold is set to a multiple
(often5 ) of the baseline noise level (calculated from the standard deviat@28B)].

Finally, the spikes can be classi ed and grouped by shape using principal component analysis,
or wavelet transformation. Ideally, this will allow the identi cation of distinct neurons, which
have identi ably different spike shapes [84].

2.2.4 Transparent microelectrode arrays
2.2.4.1 Conventional electrode materials

Many materials have been used as the electrodes in a MEA. The external electrodes were
initially fabricated from metals like tungsten and stainless steel which achieved low SNRs,
and limited biocompatibility40]. Through a combination of materials engineering, and an
improved understanding of the neuron-electrode coupling the electrodes have been improved.
The most implemented improvement is to coat a conventional planar electrode with TiN,
electroplated platinunBp] or carbon nanotube8§] which reduce the electrode impedance,
increase the SNR, and provide rougher surface for cell adhesion. More recent work has
shown the bene ts of conductive polymers like PEDOT which is soft, exible and combines
both electronic and ionic conductivity]. Also, nanostructuring of the electrodes into
penetrating wiresd8], nanowires 89|, kinked wires f6], or mushrooms43] can increase
the SNR by increasing the area in contact with the cells. In addition to the underlying
material, adhesion promoting molecules are commonly coated on the electrodes, increase the
neuron-electrode adhesion which increases the SNR by increRgiggAdhesion promoting
polymers include poly-lysine, poly(ethyleneimine) (PEI), poly(N-isopropylacrylamidg) [
polyornithine, laminin molecules and nitrocellulose.

In parallel to improving the SNR by materials engineering, work has been undertaken to
increase the spatial resolution obtainable from the MEAs and to provide on-chip ampli cation



2.2 Microelectrode arrays 19

of the signal. High density MEAs can have 10,000s of electraad&gro enabling a sub-
neuron resolution to be achieve@D]. On-chip ampli cation of the signal can be achieved
using eld effect transistors (FET). In a FET, the conductivity between the source and drain
is modulated by the electric eld experienced by the gate, which can be modulated by ionic
current from the neurordfl]. FETs have the advantage that they can be scaled down to
10 nm B9] without losing band width, no material is exchanged with the cell, and they do
not depend on the interface impedand6]] However, two leads per electrode are needed to
measure from a FET.

2.2.4.2 Transparent microelectrode arrays

The advantages of MEAs over other recording techniques is their high temporal resolution
and the ability to record from multiple sites in a neuronal network simultaneously. This makes
MEAs ideal for: studying the LFP at different locations in the same sample concurrently
to probe the spatio-temporal dynamics of a network; reducing the time required for an
experiment by recording simultaneously at multiple sites; providing a statistical description
of the system; and monitoring changes in activity over long time periods up to months
[65]. In contrast, optical imaging techniques allow high spatial resolution across a large
area to be achieved, and can enable the targeting and imaging of sub-cellular components.
The advantages of MEAs can be combined with the advantages of optical techniques by
developing transparent MEASs. This enables the electrophysiological function of the nervous
system to be linked to its underlying cellular and molecular structidfsahd enables the

high temporal resolution of MEA recordings to be combined with the high spatial resolution
of the imaging techniques.

To fabricate a transparent MEA, the substrate, electrodes and encapsulation layer must all
be transparent. Transparent substrates have been regularly used lik®@Zlaspplymers
like SU-8 [80], polyimide [32] , parylene C B4] or polyethylene terephthalate (PEBJ.

The use of optically transparent insulating layers suc8igd, [92], SU-8 [92], Parylene
C [34], polyimide [94] is also routine. However, nding suitable transparent conductors to
interface with the neurons is more challenging.

The most common transparent conductor indium tin oxide (ITO) has been used in MEAs
since 198595], and has been combined with uorescence imagigi.[ITO is 87-90%
transparent in the visible range and is conductive in its fully reduced state. The electrodes
are stable under warm saline solution for at least 8 moriis fnd can record action
potentials for at least 25 day87]. However, under repeated stimulation trains, oxidation
of the electrodes occurs which results in a loss of transparency and an increased impedance
(Figure 2.5a,b)96]. The ITO electrodes are therefore typically coated with an opaque layer
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of gold [96], platinum black §8] or TiN [92]. This ensures that the connecting leads and
therefore the majority of the devices is transparent, however the crucial recording electrodes
are opaque.

Fig. 2.5 Repeated stimulation using an ITO electrode in saline solution leads to oxidation of
the material resulting in a loss in transparency and decrease in conductivity. a) A reduction in
transparency revealing the electrode oxidation under biphasic stimulation of 3V, 200 Hz for
60s. b) The breakdown voltage for monophasic and biphasic voltage pulses. Plot reproduced
from [96]. c) An ITO MEA purchased from Multichannel Systems showing the opaque TiN
coating used on the recording electrodes, scale bar 500 pm.

A number of other transparent conductors have been used in MEAs to stimulate or
record neuronal signals. These include pillars of the wide-bandgap semiconductor ZnO,
deinsulated at the top and coated with IT€9][ which will break down if used to stimu-
late. Stimulation, but not recording can be achieved using lay@n€d and hydrogenated
amorphous silicon]0(. Recordings have been made with 40 % transparent carbon nan-
otube planar electroded4Q1]. Also, FETs with transparent channels made from silicon
nanowires 1027, N,N'-ditridecylperylene-3,4,9,10-tetracarboxylic diimided3 and 6,13-
bis(triisopropylsilylethynyl)pentacen& (4] have been used, however in these cases, opaque
source and drain contacts are used, making much of the eld of view opaque. By far, however
the most successful transparent electrode is graphene [32, 34, 80, 81, 93, 94, 105].

2.2.4.3 Graphene microelectrode arrays

The successful recording of action potentials using arrays of passive graphene electrodes
was rst shown in 201380]. Graphene is a transparent conductor made dhygpridised
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Fig. 2.6 A schematic showing how transparent external graphene electrodes enable the
concurrent measurement of electrophysiological recordings and uorescence microscopy on
an inverted microscope. The neuron is shown in orange, the encapsulation layer in red, the
graphene electrode with black hexagons, the connecting layers in dark blue and substrate in
light blue.

two-dimensional carbon. If fabricated on a transparent substrate such as poly3@jide [
parylene C 84], graphene has a transmission of 80—90%, with each graphene monolayer
reducing the transmission by 2.3% over a broad spectral range of 400—7306mThe
material graphene is more fully introduced later in Section 2.3.

Graphene has been used to record neuronal action potentials in two main device architec-
tures, as FETs and as passive electrodes. As active devices, FETs provide onsite ampli cation
of the neuronal signal, however suffer from the necessity of having opaque source and drain
contacts 107]. This work therefore focuses on passive graphene electrodes. Table 2.1
gives an overview of the transparent graphene electrodes which have been fabricated and
successfully used to measure neuronal action potentials.

The successful recording from external graphene electrodes has been shown for neuronal
cell cultures, cardiomyocyte cell culture&l], rat cortices 82, 34, 94] and mouse cortices
[105. Since the graphene is exible, the microelectrodes can be fabricated on exible
polymers, which is bene cial for implantation into the brain. The graphene electrodes have
a highly capacitive nature, with changes in the local dielectric environment modulate the
capacitance and the graphene carrier density. The high interfacial capacitance reduces the
noise from resistive charge transfer, giving an overall low noise which is dominated by the
1/f and 60 Hz nois¢32]. This has enabled a high SNR48 26 uV to be recorded for
bursting neurons from embryonic rats, using electrodes with diamet@@oh [81] A
number of modi cations from single layer-untreated graphene have been proposed to reduce
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the electrode impedance and enhance the SNR. Modi cations to the graphene include steam
plasma [80], doping with nitric acid [32], four graphene layers [34], structuring the Ims to
increase the surface arel0B and enhanced cleaning method€¥. It is however, unclear

which of these techniques increase the SNR due to the wide range of fabrication techniques
and biological systems that have been tested.

Stimulating neurons using monolayer graphene electrodes has proved dif cult. Porous
carbon electrodes fabricated by the pyrolysis of polyimide have been shown to successfully
stimulate the motor cortex of a rat(Q9. Additionally, four layer graphene electrodes
have successfully stimulated the somatosensory cortex of a mouse in combination with
uorescence microscopylfLd. It is suggested by some that monolayer graphene electrodes
show some promise for electrical stimulation wiit81 mnf electrodes having a charge
injection capacity 00.8 mC cm 2 [111]. However, monolayer graphene electrodes have not
yet been used for electrical stimulation, which is likely due to their high quantum capacitance.
The graphene electrodes have however, enabled optogenetic stimulation through the recording
electrode. Thyl::ChR2 mice express channel rhodopsin which make the neurons susceptible
to excitation with 460—-470 nm light. The Thy1::ChR2 mouse neurons have been successfully
excited through both monolayer [112, 93] and four-layer graphene electrodes [34].

2.2.4.4 Imaging with microelectrode array recordings

The transparency of the graphene electrode has enabled multiple uorescence imaging
modalities to be combined with the electrophysiological readout (Figure 2.6). Cells have
been visualised through the electrode using bright &#j[wide eld uorescence B4, 81],
confocal imaging 32], two photon microscopyd2, 105 and optical coherence tomography
(OCT) [32, 105. Some dyes that have been used to image through graphene ibcllide
tubulin as a cytoskeletal marker and 4',6-diamidino-2-phenylindole (DAPI) as a nuclear
marker[113, 114] uorescein isothiocyanate (FITC) as a vasculature markér 112;
Microtubule-associated protein-2 (MAP-2) as a microtubule marker; SMI 321 as an axonal
marker and propidium iodide to reveal cell death. For more information about the imaging
techniques see section 3.2. The external electrode measurements have also been combined
with intracellular uorescent calcium imaging, enabling the high temporal resolution of the
graphene electrodes to capture the high-frequency bursting activity, and the high spatial
resolution of the calcium imaging to capture sub-cellular information [32].

Optical electrophysiology using calcium imaging has also been combined with voltage
trace recordings using transparent graphene MEAs in hippocampal e a live
mouse dorsal cortex 5. Electrical recordings were made usin§@& 50 pn? graphene
electrode, and calcium imaging was performed using the uorescence intensity of oregon
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green BAPTA-1 (OGB-1, BAPTA is 1,2-bio(o-aminophenoxy) ethane-N,N,N',N'-tetraacetic
acid) on a confocal and a two-photon microscop2 [L05. The techniques are compli-
mentary, with both techniques simultaneously probing multiple neurons with single (or few
neuron) resolution. The electrical recordings give a high temporal resolutioriLofis, and

the optical methods giving a high spatial resolution 06200 nm.

In conventional metal MEAS, light shone on the metal electrode elicits an additional
peak in the voltage trace which can interfere with spike recordings. The peak is caused
by the Becquerel (or photovoltaic) effect, which occurs when light is shone on electrically
conductive materials in ionic solution]6. The artefact can vary in size depending on
the frequency and duration of the light stimulus. It is agreed that the graphene electrodes
elicit a smaller artifact than metal electrodes, and some devices do not show the artefact at all
[34, 32, 93]. These differences are likely due to the cleanliness of the graphene, with a four
step cleaning process being suf cient to remove the artefact for light pulses with powers up
to 60 mW [105].
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2.3 Graphene

As a very promising material for fabricating transparent MEAS, graphene is described in
more detail. Graphene was rstisolated in 2004.7] and is a single layer of carbon atoms,
arranged in a honeycomb lattice, with each atom attached ¥iaydpidised bonds to the
neighbouring carbon atoms. Graphene has many unique materials properties and is likely
to nd technological applications when these properties are combined resulting in both
improvements to existing products and the creation of new products. Some elds where
graphene shows promise are electronic devices, spintronics, photonics, optoelectronics,
sensors, exible electronics, energy storage and energy conversion. Graphene also has
potential biomedical applications in bioelectronics, biosensors, imaging, diagnosis, targeted
drug delivery and gene transfection [118].

2.3.1 Production and transfer of graphene

Graphene can be produced by a number of methods including micromechanical exfoliation,
chemical vapour deposition (CVD), anodic bonding, laser ablation, photoexfoliation, liquid
phase exfoliation, growth on SiC, growth on metals by precipitation, molecular beam epitaxy,
atomic layer epitaxy, heat driven conversion of carbon or chemical synthesis [118].

2.3.1.1 Micromechanical exfoliation

Graphene was rst produced by micromechanical exfoliation. For this method, scotch tape is
used to peel away individual graphitic layers in graphene, by breaking the weak inter-plane
van der Waals bond4.17]. This simple method produces very pure, defect-free graphene
akes with sizes of 20—10Qm. Micromechanical exfoliation is ideal therefore for making
proof of concept devices and for investigating physical principles, however the small size of
the akes limits its potential in large scale applications [119].

2.3.1.2 Chemical vapour deposition

CVD is a promising candidate for commercialised graphene since it allows routine polycrys-
talline graphene production on the order of meters, with single crystallites tens of centimetres
in diameter 120. Some factors affecting the growth quality in CVD include the catalyst,
carbon feedstock, temperature, pressure, dilutent and etchant. Graphene was originally
grown under ultrahigh vacuum conditions on single crystal transition metals substrates |
Today, it is much more commonly grown at ambient pressure conditions on nickel or copper
catalytic Ims at temperatures of 900-11@[127. In the CVD reaction, hydrogen is often
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Fig. 2.7 Schematic showing how graphene grown on copper can be transferred into an
arbitrary substrate using a polymer assisted transfer.

used to activate carbon binding to the metal surface and to etch multilayer domains which
have relatively weak carbon-carbon bonds [123].

CVD graphene can be grown on various substrates including metals like2dj, INi
[125, and insulators like&iO, [126] and glass127]. However, it cannot be grown on all
materials. It is most commonly grown on copper and transferred to the target substrate (Figure
2.7). Many methods exist to transfer graphene and are generally categorised as with or without
a support layer. The support layers contact the graphene and provide support whilst the
substrate is removed via chemical etching or is physically separated from the graphene. Often
polymers like polymethylmethacrylate (PMMA)29 or polydimethylsiloxane (PDMS)
[128 are used which are exible, enabling a good contact between the polymer and graphene
and are strong enough to prevent the fragmentation of the graphene during the etching process.
The disadvantage of the polymers is that after the transfer they cannot be fully removed
from the graphene without introducing defects into the I&2f. Non-polymer approaches
give cleaner transfers. These include metal assisted trad$f@nyhich is more expensive
than the polymer assisted methods, or the use of small molecules like napthalene which can
induce cracking of the graphene as they are less exible than polyrh2& Support free
transfer is also possible if surface tension of the etching solution is reduced so it does not
damage the graphene [131].

2.3.2 Material properties of graphene

Pristine graphene has a hexagonal atomic arrangement, and a gapless electronic band structure
which appears like two cones touching at their points (Figure 28] Graphene can
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Fig. 2.8 Monolayer graphene has a conical shaped band structure at low energies up to 1 eV.
The charge carrier concentration can be tuned continuously between holes and electrons,
resulting in p or n-type doping.

therefore be described as either a zero-bandgap semiconductor or a zero-overlap semimetal.
The charge carriers can be continuously tuned between electrons and holes by doping. In
the limit of zero doping, the Fermi enerdy, sits at the charge neutrality point. At the
charge neutrality point, there are no charge carriers and the conductivity decreases to the
conductivity quantun% per carrier type whereis the charge on an electron ands the

Planck constant.

In pristine monolayer graphene, electrons interact with the honeycomb lattice and create
quasipatrticles known as Dirac fermions. The Dirac fermions are described by the Dirac equa-
tion rather than the Schroédinger equation, and behave like a massless electron or a charged
neutrino. The Dirac fermions undergo ballistic transport through pristine graphene with
effective speeds df® m 1s 1[119. This means pristine graphene has an extremely high
mobility of at least 6 10°cmV 1s Tat4K and 1.8 10°cn?V 1s ! at room temperature
[133].

Other interesting material properties of graphene include its optical transmittance, where
the absorbance of a single graphitic layer is de ned only by fundamental constants which do
not depend on physical parameters. Namely, an individual graphitic layer absorbs:

% =pa 2:3% (2.10)

whereeis the charge on an electrdm= 1:054 10 34Js 1is the reduced Planck constant,
v, is the velocity of light andh is the ne structure constanfipg. Graphene also has a
Young's modulus of 1 TPa, an intrinsic strength of 130 GP24] and a thermal conductivity
of 2000 5300Wm 1K 1[135].

The properties of graphene change with the number of layers, doping levels, and defects
in the material. As the number of graphitic layers increases, the electronic band structure
changes, reaching the limit of bulk graphite aflO layers [L36]. Graphene can be doped
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electrically using backgating or chemically using molecules NK&, [137]. Defects in
graphene come from the material edges, functional groups and structural disorders. A major
mechanism that reduces the mobility in graphene is scattering off defects [138].

2.3.2.1 Graphene quantum capacitance

Fig. 2.9 From Xiaet al. a) Simulated quantum capacitance of undoped graphene against gate
potential for different levels of charged impurities. b) Experimental measurements showing
the capacitance of graphene in agueous NaF. The potential is quoted with respect to the
normal hydrogen electrode. Plots reproduced from [139].

The phenomenon of quantum capacitance as been observed in graphene. Conventional
capacitance exists when a potential is applied across a dielectric sandwiched between two
conducting plates, and results in the build up of charge. Quantum capacitance exists when
a potential is applied perpendicular to a two-dimensional electron gas (2DEG). The 2DEG
cannot completely screen the electric eld, giving a capacitaGgepf

o (2.11)

wherem is the effective electron mass incident on the 2DEG, the electron charge arfd
is the reduced Planck constant [140].

Since graphene behaves as a 2DEG, it shows a quantum capacitdhceip]. The
quantum capacitance of graphene varies with the applied gate voltage, doping levels, the level
of charged defects and the ionic concentration. When the doping in graphene is varied by
applying a gate voltage, the quantum capacitance has a symmetric V-shape with a minimum
at the Dirac point where there are the minimum number of charge carriers (Figure 2.9). The
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guantum capacitance for graphene can be calculated as:
= — + 2.12
Cq A" p Nd*ino) (2.12)

whereve  ¢=300is the Fermi velocity of the Dirac electronsy is the charge carrier
concentration from doping an is the carrier concentration from defects [139].

2.3.2.2 Biocompatibility of neurons on graphene

Graphene has many potential biomedical applications, it is therefore important to asses its
biocompatibility. Biocompatibility is a complex issue with each material, and biological
application potentially having a unique biological response. For example, different carbon
based materials have different biological respon%d8 [144], and the effect of graphene
is different if present in the cell medium, and if cells are plated directly onto a graphene
substrate 145. Here, we will focus on the biocompatibility of neurons grown on CVD
graphene substrates for bioelectronics and biosensing applications.

When neurons are plated on a CVD graphene coated substrate and compared to glass,
the graphene does not increase the cytotoxiditd], increase the stress in the cells, affect
the mitochondrial membrane potential[/] or change the neuronal activit§48. There
is a difference between high an low quality graphene. High quality graphene enhances
neuronal adhesion between neurons and grapH&® with increased neurite sprouting
and outgrowth 150, 99]. Whereas, low crystal quality graphene, can reduce the neuronal
adhesion [151].






Chapter 3

Background to the microscopy and
spectroscopy techniques used

In Chapter 2 the background to graphene microelectrode arrays (MEAS) is presented. Physical
techniques were used during the fabrication and characterisation these devices in Chapters
4 and 5. The graphene MEA is then combined with uorescence microscopy in Chapter

6 to enable studies related to the impact amyloid proteins on neuronal electrophysiology.
One speci c amyloid protein is examined in more detail using Fourier transform infrared
spectroscopy (FTIR) in Chapter 7.

In this chapter, the background to each spectroscopic and microscopic techniques used
in this work is introduced, along with any data analysis required to interpret the data.
The techniques are introduced in the order they appear in the main body of the work. It
is recommended that this chapter is used as reference for the background to individual
microscopy or spectroscopy techniques rather than read as a whole. The techniques used
to characterise the fabricated devices are Raman spectroscopy, direct current (DC) testing,
ultraviolet visible (UV-vis) spectroscopy, electrochemical impedance spectroscopy (EIS)
and atomic force microscopy (AFM). The uorescence microscopy techniques introduced
to image sub-cellular components are confocal microscopy, uorescence lifetime imaging
microscopy (FLIM). Finally, the use of FTIR to understand protein secondary structure is
presented.
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3.1 Materials characterisation

3.1.1 Raman spectroscopy

In this work, Raman spectroscopy was used to identify and characterised graphene in the
MEA, therefore an introduction to Raman spectroscopy is given, with a focus on the Raman
spectrum of graphene.

Raman spectroscopy is a vibrational technique used to gain structural information about
a sample. In Raman spectroscopy, a monochromatic laser is shone on a sample, exciting
electrons to virtual states between the electronic energy levels (Figure 3.1). When the
electrons return to the ground state they can occupy different vibrational (or rotational)
energy levels. If the electron returns to its original vibrational state, the elastic (Rayleigh)
scattering gives no information about the system. If the electron occupies a higher vibrational
state, the emitted photon has a lower energy (Stokes process), and if the electron returns
to a lower vibrational state the emitted photon has a higher energy (Anti-Stokes process).
Raman scattering is a fundamentally inef cient process with only I0hincident photons
being inelastically scattered$2 153. One method to overcome this is resonant Raman
spectroscopy where electrons are excited to real electronic states instead of virtual ones.
Each peak in a Raman spectrum can be characterised by its Raman shiftlifi, areaa,
intensity,l, and full width at half maximunt.

3.1.1.1 Raman spectroscopy of graphene

Since graphene has no bandgap, every Raman excitation excites an electron to a real electronic
state, so all graphene Raman spectroscopy is resaltdjt The Raman spectrum of pristine
graphene has the following peaks: the G1580cm 1) peak occurs from a one phonon
processes; the 2D (2680cm 1) and 2D' (  3200cm 1) peaks from two phonon processes
[159; the D+D' ( 2450cm 1) and D+D” ( 2680cm 1) are the combination bands. In
addition to these, the presence of defects within the graphene gives rise taZ50cm 1)

and D' ( 1600cm 1) peaks 156. Careful analysis of these Raman peaks reveals a wealth

of information about the graphene and can be used to identify, amongst other things, the
number of graphitic layerslp9, the doping levels157), the disorder 154, and the strain

on the graphene [158].

The number of graphitic layers in few-layer graphene changes its bandstructure and
therefore Raman spectrum. This can be characterised by the shape of the 2D peak (Figure
3.2). Monolayer graphene has a conical band structure giving a sharp, symmetrical, single-
Lorentzian 2D peak. Due to its more complex band structure, the bilayer graphene is
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Fig. 3.1 Schematic showing the basic principle behind resonant and non-resonant Raman
spectroscopy. In non-resonant Raman spectroscopy, light excites electrons to virtual energy
states, whereas for resonant Raman spectroscopy, the electrons are excited to real electronic,
Sy, and vibrationaly,, energy states.

a superposition of four Lorentzian peaks. Multilayer graphene has a signi cantly more
complex band structure and shows a clear shoulder at a lower wavenumber than the main
peak. Finally, the 2D peak of bulk graphite has a broad shoulder below the main peak and a
sharper shoulder at a higher wavenumber [155].

Defects in the sample can be clearly seen by the presence a D peaRsicm 1 [156.
If the mean distance between defects i$0nm, the concentration of defects in undoped
graphene is calculated from the ratiol¢D) : I (G) (Figure 3.3a) as follows [159]:

1:8 10%? (D)

np(cm 1) = 3 S

(3.1)

wherel | is the light wavelength. The mean distance between defects is therefore

L3(nmP)= 1:8 10 9 (C)R (3.2)
I(G)
This can be modi ed to nd the defect concentration for doped samdé§|[ The absence
of a measurable D peak suggests that mean distance between defe2tns [159].

The graphene doping levels can also be obtained from the Raman spectrum. Low doping
levels should give a high(2D) : 1(G) and a sharp G peak. P- and n-type doping can be
distinguished by the downshifting or upshifting respectively of the 2D p2&K [ By using
information aboufi(G), G(G) (Figure 3.3b)n(2D), 1(2D)=1(G) [157] or a(2D)=a(G) [15§,
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Fig. 3.2 a) 514 nm Raman spectra of defect free single layer graphene, bilayer graphene,
multilayer graphene and graphite produced by micromechanical exfoliation. The spectra
show the following peaks: G at 1580cm ! 2D at 2680cm !, 2D'at 3200cm !and
D+D”at 2680cm 1. b) The shape of the 2D peak changes with the number of graphitic
layers. Spectra taken by Silvia Milana.

it is possible to nd the Fermi energy and charge carrier concentration in the sample. The
Fermi energyEr, and charge carrier concentration from doping,are related as follows:

E-(n) = Aivej” prg (3.3)

whereve = 1:1  10°ms 1is the Fermi velocity anfi= 1:054 10 34Js 1is the reduced
Planck constant.

Strain on the graphene sample causes shift§ @) andn(2D) [161, 162. Therefore,
unless it is con dently known that the sample is unstrained, the graphene doping levels
should be assessed BYG), 1(2D)=I(G) or a(2D)=a(G), which do not give information
about whether the sample is p- or n-doped. This information can instead be found from
measuring the resistance of a graphene strip whilst changing the doping levels of the graphene
by backgating, and the observed minimum in conductivity corresponds to the charge neutrality
point.

3.1.2 Direct current testing

It is important to understand the direct current (DC) electrical properties of each material
in the graphene MEA. Resistandg, is the ability of a material to oppose the ow of
charge carriers. For a thin Im of uniform thickness, the resistance measured in a two-probe
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Fig. 3.3 a) The mean distance between defects in graphgneorrelates with the intensity
ratio of the D to G peak in the Raman spectrum at different excitation energies. b) The
doping levels of graphene relate to ratio of the 2D to G peak in the Raman sp&&t2im
Figures reproduced from [159] and [157].

arrangement will contain components from the sheet resistéticdcharacterising the
material resistance), and the contact resistaRgg(characterising the resistance between

the probe and material). The sheet and contact resistance can be distinguished using a
transmission line method where a device is fabricated with channels of a known width, and
varying length. The sheet resistance can be calculated from the slope of the graph of sheet
resistance against channel length using the equation

RT:RWSI+RC:sIopeI+RC (3.4)

whereRy is the measured total resistané®; is the sheet resistancB¢ is the contact
resistancey andl are the width and length of the transmission line pattern [163].

3.1.3 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy was used in this work to measure the transmis-
sion of light through each material used in the graphene MEA. UV-vis is an absorption
spectroscopy in the ultraviolet (200-400 nm), visible (400-765 nm) and near infrared (765—
3200 nm) range. Photons across these wavelengths are absorbed by the sample when electrons
are excited from their ground to excited electronic states.
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The absorbance is logarithmically related to the ratio of the beam intensity that passes
through the samplé, to the initial beamly, as:

A= logyo(lo=1) (3.5)

From the absorbance data, the concentratiohthe constituent molecules can be found
using the Beer-Lambert law as:
A= elc (3.6)

wherel is the effective path length of the light through the sample matrix. The attenuation
coef cient e describes the probability of an excitatial6l]. If the refractive index is the

same at different thicknesses, UV-vis spectrometry can be used to determine the thickness of
thin Ims [165, 166].

3.1.4 Electrochemical impedance spectroscopy

Fig. 3.4 The magnitude and phase of the impedance can be calculated from the current
response to an applied sinusoidal potential.

Electrochemical impedance spectroscopy (EIS) is used to gain information about an
electrochemical system, in this work this is the electrode-electrolyte interface between the
graphene electrode and saline solution. This is achieved by recording the non-linear resistive,
and capacitive properties of the electrochemical circuit, and tting this to an equivalent
circuit model (ECM). Since Chapter 5 of this thesis is devoted to understanding the graphene
electrolyte interface using EIS, a larger background to this technique is included.

During EIS, a sinusoidal potential is applied between the working electrode and a
reference electrode which is located in the bulk electrolyte. The applied poté(tiiahas
the form:

V() = V + jVjcogwt) (3.7)
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whereV is an offset potentiajVj is the magnitude of the applied oscillation or perturbing
potential,w is the angular frequency ands the time. The resultant sinusoidal curre(t),
is measured (Figure 3.4) and has the form:

i(t) = i+ jijcogwt + q) (3.8)

wherei is the offset currenijj is the magnitude of the sinusoidal current, anis$ the phase.
From this, the complex impedance at a given time can be obtained using:
Dv

z= = (3.9)

The complex impedance can be expressed either by itsRg&l), and imaginarylm(Z),
components or its amplitudgZj, and phasey [167]. These representations can be intercon-

verted as: q
iZj= RgZ)%2+ Im(2)2 (3.10)
_ 1 Im(2)
g = tan m (3.11)

An EIS spectrum is obtained by varying the frequency of the applied voltage. The
resultant impedance and frequency data are represented as a Nyquist or Bode plot. A Nyquist
plot shows presentsn(Z) againstRgZ), with each point corresponding to a measurement
at a single frequency. Nyquist plots have the advantage that the shape of the plot can give
details about the mechanism involved. A Bode plot showgZhandqg against frequency,

f = 2p=w. This has the advantage of showing the frequency dependence explicitly [168].

3.1.4.1 Electrochemical charge transfer

EIS is measured between two electrodes in an electrolyte. An EIS spectrum gives information
about the bulk conductivity through the electrolyte, the electrode-electrolyte interface at both
electrodes and the connecting wires. Charge transfer at an electrochemical interface between
an electrode-electrolyte interface can show capacitive and/or resistive propes@esihe
interface behaves like a capacitor when charge is transferred by charging and discharging
the electrical double layer (which combines the inner and outer Helmholtz planes and the
Gouy-Chapman diffuse-charge layer) [76].

The interface behaves like a resistor during Faradaic reactions when ions are oxidised
or reduced at the electrodes. In this case, the reaction rate is limited by either the reaction
kinetics or by diffusion. Kinetic controlled reactions are limited by the electrochemical
reaction rate, which gives negligible local concentration gradients of the reactive species.
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Diffusive controlled reactions are limited by mass transport of the reactive species entering
or leaving the electrode surface [169].

3.1.4.2 Equivalent circuit elements

Fig. 3.5 EIS spectra can be modelled using a combination of circuit elements a) capacitors,
b) resistors, c) Warburg elements and d) constant phase elements. Combinations of these
elements can be added in e) series or f) parallel. An example Bode and Nyquist plot is given
for each combination of circuit elements.

ECMs can be tted to EIS spectra to understand the underlying phenomena in a device.
The choice of a good ECM can also enable the characteristics of each region to be found. The
ECM can contain the following elements: resistors, capacitors, inductors, Warburg elements
and constant circuit elements which each have a distinct frequency response and can be
combined to describe more complex phenomena (Figure 3.5).

A pure resistor has a constant phasg ef 0° and a xed magnitude ofZj = R[170.
Resistors are used in the ECM to describe the resistance of conductive leads, the solution
resistance, or a Faradaic reaction.
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In a pure capacitof;, current ows by the attraction and repulsion of electrons to the
charged plates. A capacitor has a phase resporgeof 90°, and the impedance magnitude
decreases with increased frequencyZs 1=wC [17(. Capacitors are used in the ECM to
describe dielectric materials or the charge redistribution at interfaces like the electric double
layer [168].

Warburg elementd¥, have a constant phase@f 45° and the impedance magnitude
decreases with increased frequency. They are used with diffusion (or mass transport) limited
Faradaic reactions to describe the frequency dependence of the ion transport to the electrode
[171]. The Warburg resistance is low at high frequencies because diffusing reactants are near
the electrode, but is high at low frequencies where reactants must travel further to reach the
electrode [172]. For semi-in nite diffusion to a planar surface the Warburg impedance is

Zw = p— 3.12
w BW ( )
wheres characterises the diffusion coef cients of the reactive species, electrode area and
kinetic orders of the reaction [167].
The Warburg element can be modi ed to describe a nite diffusion length in an external
homogeneous solution, by the convective Warburg elerféntas:

2, = ptR—_JWtanr(p tjw) (3.13)

wheret characterises the amount of time the reactant takes to diffuse across the kger [
For systems with a nite length which have an impermeable barrier, the restricted diffusion
element\, is [174]:

Zy, = pt_R—JWcotr(p tjw) (3.14)

For electrodes with a diameter 100 um hemispherical diffusion of species to the elec-
trode occurs, as previously described by the spreading resistance. The Nyquist plot of this
impedance takes the form of a attened hemispherical disk [175-177].

The constant phase element (CP@)has a constant phase betweefAi&d 90°[178.

The impedance of a CPE is:
1

27 p(jwp
whereb has the numerical value of resistancé iz, andb can take any value betweérand
0. Forb= 1, the CPE behaves as an ideal capacitor ®ith Q and has the unit F. Fdr= 0,
the CPE behaves as an ideal resistor Wth 1=Q and has the unkV . Forb= 1, the CPE
behaves as an ideal inductor. Bor b> 0, the CPE has unit®=W. By looking at the phase

(3.15)



40 Background to the microscopy and spectroscopy techniques used

angle, the CPE can also be used to characterise the resistive-like or capacitive-like nature
of an electrode32]. CPEs model systems where each reaction or physical phenomenon
has multiple time constants or interacts with a non-uniformly active electrode sutéfe [

The physical origin of the time constant distribution can be attributed to distributed surface
reactivity, surface inhomogeneity, grain boundaries, roughness, fractal geometry, electrode
porosity, current distributions, or potential distributions across the electrode [179].

3.1.4.3 Equivalent circuit models

Fig. 3.6 EIS spectra can be modelled using linear circuit elements. a) A single electrochemical
reaction is modelled by a series resistaRtedouble layer capacitan€? and charge transfer
resistancdR2. b) A single electrochemical reaction controlled by both the potential and mass
transfer, where mass transfer is modelled by a Warburg elemerd) An electrode partially
blocked by a dielectric with capacitan€a.

In areal EIS spectrgZj can take any positive value, agds 0-90. This can be modelled

by combining linear elements. The elements are combined in series when the same current
ows through each element and in parallel when the potential across the elements is the
same [168. For a simple resistor and capacitor in series, at low frequencies the impedance
is limited by the ow of charge through charging and discharging the capacitor and thus
shows a capacitive like behaviour wigh 90. At high frequencies the impedance is limited

by the resistor, witlg 0andjZj R(Figure 3.5e). The opposite is true of a resistor and
capacitor in parallel, where the current can ow through either element. At low frequencies,
current ows through the resistor, but at high frequencies the current ows by charging and
discharging the capacitor (Figure 3.5f) [170].

Systems that are only dependent on a single electrochemical reaction, and not by mass
transport can be described by the Randles ciRlit R2=C2 (Figure 3.6a)R1 is the series
resistance which combines the electrolyte resistance, intrinsic substrate resistance and contact
resistanceC2 describes the double layer capacitance; Bddescribes the charge transfer
resistance of the Faradaic reaction [74].

For systems where mass transport to the electrode is also important, the Warburg element,
W, is included in series with the charge transfer resistdice( R2+ W)=C2 (Figure 3.6b).
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The exact nature of the Warburg element depends on the mass transport limits of the system
being studied.

An additional feature that can be described in the model is the partial coverage of the
electrode by a dielectric. Electrically, the dielectric behaves like an additional cap@sitor
in parallel to the electrode model (Figure 3.6c).

3.1.4.4 Electrochemical impedance spectroscopy to study microelectrode arrays

EIS is used in MEAs to characterise the electrode-electrolyte interface, and can be used in
two or three electrode setup. The electrolyte chosen to mimic the cell medium is generally
phosphate buffered saline (PB8)[ 32, 94, 81], a water based solution at pH 7.4 containing
the saltkKH>P Oy, NaCl,NaoHPO, -7 H,O and KCI. PBS is non-toxic to cells and is com-
monly used in cell culture for washing cells before dissociation, transporting cells, diluting
cells for counting, and preparing reagents. If the voltage applied across the microelectrodes
is suf ciently small, EIS is a non-destructive method to probe the device electrochemistry
[63]. In addition to this, cells can be plated onto the MEA and EIS is used to track biological
phenomena [180].

The simplest EIS bench marking performed for MEASs is measuring the real impedance at
1 kHz [75], a physiologically relevant frequency similar to a typical ring event with ms
[181]. For recording electrodes, the 1 kHz impedance varies from approximat&hy g9
1MW [63], with signal attenuation becoming problematic abowd\% [23]. The 30um
Multichannel Systems TiN electrodes have a 1 kHz impedance ofS8DKW[92].

A more thorough analysis of MEA electrodes is performed by measuring the complex
impedance over a frequency range. The data is plotted as a Bgjd® [Nyquist [80] plot,
and interpreted by tted to a physically relevant ECM.

3.1.4.5 Equivalent circuits for graphene microelectrodes

EIS on graphene MEAS has been performed, and an ECM tted to interpret the data. Each
ECM used in the literature is based on the Randles metiel R2=C2 [74]. The Randles
model has been modi ed to t the system better by introducing a CPH,[80, 32, 81, 94],
a Warburg elemen8p, 94], a bounded Warburg elemerdd] and/or a second resistor and
capacitor in series [81, 94] (Table 3.1).

Every paper that ts to the EIS of a graphene MEA replaces the capdciavith
a CPEQ2 [111, 80, 32, 81, 94] to t the data better. The Warburg elemer@Q 94] or
bounded Warburg elemer ] can be placed in series with the charge transfer resistance.
There is however, a debate whether a Warburg element is physically relevant for the small
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microelectrodes given the materials and frequency ranges of interest in electrophysiological
experiments{6]. For example, 2@m diameter graphene electrodes are deemed too small to
be described by linear diffusion [81].

It has been suggested that including an additional resR3aand capacitoC3 can
describe the graphene quantum capacitance and its associated leakage re8iktadkce |
The quantum capacitance arises because graphene is a two-dimensional electron gas. It varies
with the graphene doping, the presence of charged impurities and the ionic solution (Section
2.3.2.1) [139].

Each paper that tted an ECM to the EIS of a graphene microelectrode used a different
ECM (Table 3.1), and the electrodes vary in size fronmt& to 314um?. Some general
observations, however, can be made. Increased electrode area, increases the electrode
capacitance and reduces the electrode resistance. The phase of the CPE is closer to 1 than 0,
showing that the graphene electrodes have a more capacitive than resistive bel@@yR2]r [

The high capacitance of monolayer graphene arises from the quantum capacitance of the
graphene, and also from correlations between ions in the electrolyfe-badd electrons in

the graphene, where attractive interactions occur between the ions and the graphene image
charges decrease the separation distance of the doublg18gér The capacitive nature

of the electrodes shows that charge is predominantly transferred by the redistribution of
electrodes at the electrode/electrolyte interface rather than by a Faradaic reaction.
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3.1.5 Atomic force microscopy

Atomic force microscopy (AFM) maps the topology of a surface. In this work, it is used to
determine the thickness of the materials used in the graphene MEA. AFM is a scanning probe
microscopy where a sharp tip on the end of a cantilever is scanned across the surface of the
sample 183. The cantilever is bent by the force between the tip and the surface. Bending is
measured by re ecting a laser beam off the end of the cantilever and measuring its de ection
using a photodiode. The topography of the sample is measured by plotting the cantilever
de ection against the position on the sample, or by moving the height of the cantilever with
respect to the surface to maintain a constant force. The height resolution of an AFM can
be down to 0.01 nm1[84], the lateral resolution however is larger and is determined by the
curvature of the tip and the sensitivity of the system to cantilever de ection [185].

The most common AFM scanning modes are contact, tapping and non-contact mode. In
contact mode, the tip is dragged across the surface and physically moved up and down to
ensure a constant force is felt on the cantilever, thus mapping the surface topology. Contact
mode has the highest scan speeds, but can damage fragile sal8ple$dpping mode is
more suitable for fragile samples, the tip oscillates up and down at its resonance frequency
"tapping"” the surface at the bottom of each oscillation, and measuring the surface topology.
The AFM measures any quantity that affects the tip-surface force [186]. Non-contact mode
minimises both the lateral and normal forces on the sample. It uses a cantilever oscillating
with a small amplitude above the surface of the sample. The sample is detected by the
change of oscillating frequency and amplitude of the tip by van der Waals attraction or other
long range forcesl87]. PeakForce tapping mode is an innovation by Bruker Corporation
enabling automated peak force tapping. In this mode, the cantilever oscillation is well below
its resonance frequency. This enables force-distance curves to be obtained for each "tap”,
and speeds up the acquisition time. The peak force constant can be as low as 10 pN, smaller
than with conventional methods [188].

3.2 Fluorescence microscopy

The transparent graphene MEAs were designed and fabricated to enable voltage trace
recordings to be combined with the uorescence imaging of amyloid proteins. Therefore,
a background to uorescence microscopy is included, with a speci ¢ focus on the imaging
modalities used in this work.

Fluorescence occurs when a uorescent substance ( uorophore) absorbs a photon and
emits a different wavelength of light. The absorbed photon has efiergf; = hv =l 1
whereh is Plank constanty_ is the speed of light and and| are the frequency and
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wavelength of the photon. This excites a ground state electron into a higher electronic energy
level. Thermal relaxation then occurs, and the electron drops down internal energy levels
to its ground vibrational and rotational energy state. Finally, the uorophore relaxes to the
ground electronic state either by emitting a photon with en&gyhf, = hv = », or by
non-radiative decay where the energy is dissipated as heat to the solvent. Due to thermal
relaxation, the emitted photon always has a lower energy, and higher wavelength than the
absorbed photon (Figure 3.7)943. A uorophore can be described by its emission spectrum,
absorbance spectrum, quantum yield, uorescence lifetimand extinction coef cient at

the maximum of absorption.

Fig. 3.7 Schematic showing the process of uorescence. Incident light with e&ergh f1
excites electrons from their ground energy le&|,to an excited energy electronic levs},

After thermal relaxation, they return to the ground electronic state emitting light with energy
hf,.

3.2.1 Fluorescent dyes and staining

Fluorescent labels can be added to biological structures of interest in order to image them.
The uorescent dye can be applied generally to the system, or targeted to speci ¢ organelles
via covalent bonding or immunostaining. This enables the spatial mapping of biomolecules
and organelles within biological samples.

One example of a uorescent dye used to quantitatively determine the local calcium con-
tent is Oregon Green BAPTA-1 (OGB-1, where BAPTA is 1,2-bus(o-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid). OGB-1 is excited at 488 nm (or 840 nm in two photon mi-
croscopy) and emits at 500—600 nm with a peak at 5203#h PGB-1 is normally added to
the extracellular space. The dye shows changes in uorescence intensity and lifetime with
different calcium concentrations. Fluoresence lifetime measurements are advantageous as the
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absolute calcium concentration can be determined independent of the dye concentration. The
lifetime of calcium-free OGB-1 was rst measured as346ps and later revised to 650ps,
whereas the calcium-bound dye has a longer lifetime 8700ps (Figure 3.8)189, 190.

OGB-1 is normally added to the extracellular space.

Fig. 3.8 a) Fluorescence lifetime curve of OGB-1 at different calcium concentration, the
colour code corresponds calcium concentrations shown in b. b) Normalised ampdifuale (

the fast (calcium-free, lifetime 346 ps) and slow (calcium-bound, lifetime 3630 ps) dyes. The
solid line indicates the t of the data. Plot reproduced from [189].

3.2.2 Confocal microscopy

In conventional wide eld uorescence microscopy, monochromatic light is focused on the
sample using a condenser lens, and excites the uorophores present. Emitted uorescent
light then passes through an objective lens, reaches a photomultiplier which measures the
brightness incident on it, and an image is formed. The majority of uorescence microscopes
are built in an epi uorescent arrangement, where a single lens is used as the condenser and
objective. The lens is generally placed under the sample, in an inverted con guration. In
an epi uorescence microscope, a dichroic mirror is needed to maximises the transmission
of long wavelength emitted uorescent light whilst minimising the transmission of incident
light [191]. The resultant image includes light from the entire depth of eld of the objective
lens (0.5—-3um) and is therefore a 2D projection of a volume, resulting in blurring of the
image.

In confocal uorescence microscopy, a pinhole is inserted into the light path eliminating
uorescence from out of focus plane$92. Laser light is passed through a pinhole, focused
by an objective lens and scanned across the sample illuminating it sequentially. In-focus
emitted light passes through a second aperture which is confocal to (has the same focus as)
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the rst aperture. The second aperture removes any light contributing to the background
haze that comes from above, below or beside the point of focus. This enables a confocal
microscope to have a resolution of300nm, limited by the diffraction of light193. The
drawbacks of the confocal technique are a slow image acquisition speed since the data are
acquired on a pixel-by-pixel basis, and the inclusion of a pinhole reduces the amount of light
hitting the detector.

3.2.3 Fluorescence lifetime imaging microscopy

Conventional uorescence microscopy techniques map the uorescence intensity across a
sample. Fluorescence lifetime imaging microscopy (FLIM), maps the uorescence lifetime
across the sample. Individual uorophores emit light stochasticly, however when a population
of uorophores is excited, a characteristic uorescence intensity-time distribution can be
seen. The uorescence intensity,shows an exponential decay, with a characteristic lifetime
t as:

[(t) = loe (3.16)

wherelg is the initial intensity and is time. The uorescence lifetime (generally a few
nanoseconds) can be de ned further as:

1
t = =+ 19 (3.17)
wheret, is the radiative decay constant, anglis the non-radiative decay rate [29, 194].

Time resolved uorescence measurements can be acquired using gated or modulated
image intensi ers, or using photon counting techniques. The photon counting approach is
known as time correlated single photon counting (TCSPC). In this method, the arrival times
of large numbers of photons (thousands to millions) are collected, and a histogram of photon
arrival times is built. The TCSPC method can be combined with a confocal microscope to
create high resolution lifetime maps. The disadvantage of this technique however, is that
each image has a long acquisition timeninutes, due to the pixel-by-pixel image acquisition
[195].

FLIM is advantageous for inhomogeneous samples, as uorescence lifetime (unlike
uorescence intensity) is insensitive to uorophore concentration or laser power, and less
sensitive to photobleaching. The uorescence lifetime depends on the local environment, so
amongst other things, it can be used to probe the concentration of ions, presence of oxygen,
pH and protein binding to the uorophore.
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3.3 Fourier transform infrared spectroscopy of proteins

Another method to study the pathological function of misfolding proteins in neurodegener-
ative diseases is looking at their structumevitro. In this work a data analysis script was
written to gain information about the secondary structure of a protein from Fourier transform
infrared spectroscopy (FTIR) data. Therefore, a large background to the analysis of FTIR
spectra and the effect of protein structure on FTIR spectra are included.

FTIR is a vibrational spectroscopy used to gain structural information about a sample.
In vibrational spectroscopies, the constituent molecules are described as a collection of
atoms connected by internal coordinates, which can collectively vibrate at given fundamental
frequencies, or normal modes. A non-linear molecule with N atoms, will Bélve 6 normal
modes. During FTIR measurements, the frequency and intensity of light absorbed by the
normal modes in a sample is measured. The frequency of the normal mode increases with
increased electron density between the atoms and decreases with increased atomic mass.
The rst order vibrational modes of the species are captured in the mid infrared region of
2.5-25 pum (4000-400 cn) [196, 164].

3.3.1 Protein secondary structure

Since proteins have 10,000s atoms, more vibrational modes are present in an FTIR spectrum
than can be assigned. Therefore, known spectroscopic regions of the FTIR spectrum are
examined to obtain speci c informatiod9g. Most commonly, vibrations in the peptide
backbone are used in FTIR to analyse the protein secondary structure content.

The structure of proteins can be characterised on different length scales by their primary
(amino acid sequence), secondary (local structure) and tertiary (overall three-dimensional
shape) structures. The most common types of secondary structures are helices, sheets, turns,
and random coils (Table 3.2). The secondary structures can be described by the hydrogen
bonds they form between tl&O andNH3 groups on different residues. A turn occurs when
a hydrogen bond between tad and thez+ qth residual whereg = 3;4;5, which creates a
change in the backbone direction of at least Helicies are repeated turn structures, with
the most abundarat-helix havingq = 4, the 3;p-helix havingg = 3 and the rarg-helix
havingg = 5. Bridge structures have hydrogen bonds between different regions of the protein
residualz; to residualz,. Repeated bridge structures which connect to the same region of the
protein create strands, which can bond to each other to lieeheetsb-sheets can take a
parallel or antiparallel arrangemeritd7. Random coils are non-ordered conformations that
do not tinto these categories.
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Table 3.2 The main types of secondary structures with the characteristic hydrogen bonding
pattern between th€O group on residue and theNH3 group on another residual. The
abundance shows the percentages of amino acid residues that occupy the secondary structures.
The amide | band shows the characteristic absorbance wavenumber for the secondary structure

types.

Type Hydrogen bond Abundance Amide | band
% cm 1
[197] [198-200] [201, 202]

a-helix Repeatedto z+ 4 34-39 1654-1658
310-helix Repeatedto z+ 3 5 1660-1666
p-helix Repeatedtoz+ 5 Rare -
Parallelb-sheet Repeated; 1toz 12-15 Multiple 1623-1643

andnptoz+ 1 and 1689-1698
Antiparallel Repeated; to 2 11 Multiple 1623-1643
b-sheet andz tozg and 1689-1698
Turn ztoz+qg,q= 3;4;,5 20-22 Multiple 1666—-1687
Random caoil Other 15-20 1646-1650

3.3.2 The effect of protein secondary structure on the amide | band

All proteins show amide vibrations since they are chains of amino acids bonded together
by peptide bonds (-R-CO-NH-R'-). The infrared active vibrations of the amide group are
amide A, B and I-VII. The amide | region at 1600-1708 ! is 70-80% attributed to the
C=0 stretch, with contributions from the out-of-phase CN stretch, CCN deformation, and
NH in-plane bend [203].

The amide | band is not affected by the side chains, yet is sensitive to secondary struc-
ture conformations which have different protein backbone con guratia@8 [ The main
mechanism causing the secondary structure dependent splitting of the amide I region, is the
transition dipole coupling. This is a resonance interaction between oscillating dipoles on
neighbouring amide groups and depends on the distance between, and the relative orientations
of the dipoles. A smaller, but also signi cant effect is the hydrogen bonding between the
amide groups [196].

3.3.3 Resolution enhancement

The amide | band contains many component bands representing the different secondary
structure types found in the protein. The peaks are broadened by radiation damping, the
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Doppler effect, collision broadening and instrument effects and overlap resulting in the width

of the component bands being larger than the interband spacing. They therefore appears as a
broad essentially featureless asymmetric b&@@|[ To resolve the underlying secondary
structure domains, resolution enhancing (or band-narrowing) techniques are used which do
not increase the instrument resolution, but allow overlapping bands to be res204&dThe

most common resolution enhancement techniques are the Fourier self-deconvolution (FSD)
or second derivative methods.

FSD considers each peak as the convolution of a delta function which has position
but no width, with a Gaussian or Lorentzian peak which has a nite wi@dd[ The
broadening effects can therefore be removed by deconvolving the measured spectrum with a
function describing the line broadening effe@99§. In reality, the delta functions cannot be
recovered, and attempting to reduce the band width too far can result in side lobes appearing,
however the band widths of the overlapping bands can be decreased. To perform FSD, the
full-width at half maximum and a resolution enhancing factor must be chosen to maximise
band narrowing, and to minimise the increase in noise and appearance of side lobes [206].

Resolution enhancement using the second derivative does not require the operator to
choose any parameters. The simplest method to calculate the derivative is using the nite
differences where the rst derivative is the difference between two subsequent points in the
spectra, and the second derivative is the difference between the rst derivative points. The
nite differences method is extremely simple but greatly increases the noise of the spectrum.
A Savitsky-Golay (SG) derivative is more commonly used since it is more robust to noise.
In a SG derivative, a polynomial of a given order is tted to a symmetric region around the
point of interest, and the derivative of this is calculated at each point.

3.3.4 Protein secondary structure determination from the amide | band

Three methods can be used to relate the absorbance of the amide | peak to the secondary
structure content of the proteins, these are principal component analysis (PCA), tting peaks
to the absorbance spectrum, and tting peaks to the resolution enhanced spectrum.

PCA is used in this application by comparison to a training set of FTIR spectra from
proteins with a known secondary structure content from x-ray diffraction (XRD). From the
training set, pure-structure spectra (or principal components) are de ned which account for
each secondary structure type. The measured proteins are then broken into these principal
components to give an estimate of the secondary structure cob@htln order to recognise
all the structural features in the protein using PCA, they must all be included in the calibration
set [208].
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Alternatively, peak tting works by dividing the amide | band into sub-bands which
are assigned to particular secondary structure types based on their characteristic wavenum-
bers. The peak positions are assigned using knowledge from computational modelling and
structures solved by XRD. A frequency range is given in the band assignments, since local
environmental effects can cause similar structures to absorb at different wavenub@rs [

The characteristic wavenumber for each secondary structure type are as follows (Table 3.2):
a-helix at 1654-1658m 1; 31¢-helix at 1660-1666m 1, b-sheet with multiple peaks at
1623-1643 and 1689-16881 1; turn structures at 1666—168i ' and the random coil
structure at 1646—1650n ! [201, 202]. Some tables discriminate between the parallel and
antiparallelb -sheet structures because a peak at 1689-d698is predicted for in nite
antiparallelb -sheets but not for in nite paralldd-sheet. This peak however, is predicted

for nite b-sheets structures, which makes it dif cult to distinguish between parallel and
antiparallelb-sheets using FTIR [196].

The Beer-Lambert law shows that the concentration of the molecules responsible for a
vibration,c, is proportional to absorban#€n) as:

A(R) = e(fi)lc (3.18)

wheren is the wavenumbet,is the effective path of the light through the sample matrix and
e(n) is the attenuation coef cient which is proportional to the change in transition dipole
moment occurring during the vibration. Therefore, the concentration of the constituent
molecules responsible for a vibration is proportional to the absorbance at the wavenumber
of its normal mode. In practice, peak broadening occurs, so the area under the absorbance
peak is used instead of the peak height to calculate the concentration of the molecule with
an observed vibration. Fitting secondary structure peaks to the amide | absorbance band is
dif cult since the amide | region is broad and featureless. Therefore, the peak positions are
obtained from a resolution enhanced spectrum, then tted to the absorbance data [206].

The resolution enhanced, second derivative of the Beer-Lambert law is:

d2A(R) d2e(ﬁ)lc
diz ~  di2

(3.19)

Sincel andc are not affected by the differentiation, quantitative information can be obtained
also from the second derivative spect?d(]. Predicting the percentage secondary structure
composition from the second derivative spectrum is accurate to within 4—10% of the XRD
determined structures. The predictions however, are less accurate for structures with an
a-helical content >60%, where the-sheet content is commonly overestimated and the
presence ob-sheets can be predicted where there are none [211].
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There are a number of issues inherent to tting FTIR data using the methods which are
described below. Both the PCA and tting techniques assume that the structure measured
in XRD or modelled computationally is the same as the structure as the aqueous or dried
protein measured in the FTIR studies. The amino acid side chains of tyrosine, phenylalanine,
glutamine, arginine, and lysine can contribute 10-30% of the absorption in the amide | region,
yet it is dif cult to distinguish and subtract out these vibrations from the secondary structure
vibrations P04]. Peak tting methods assume that each structure type has the same molar
absorptivity regardless of their local environment, so the percentage of each component is
proportional to the peak intensity (or area). Peak tting methods also rely on the correct
number of tted bands and assignment of each band to a secondary structure. Band assign-
ment can be dif cult for some features, for example thdelix band is commonly assigned
between 1666—168&m 1, yet can absorb in the entire amide | range overlapping with the
turn and random structure band®f]. Some structures will absorb outside their speci ed
range due to the distortion of structural elements or strong solvent-protein intera@dghs [

Peak ttings also assume that the chosen band shape describes the system under investigation.
A Lorentzian shape is used for simple molecules, whereas it is less clear for more complex
structures, and is unclear if every secondary structure type will give the same band shape
[204].



Chapter 4

Design and fabrication of transparent
graphene microelectrode arrays

Oliver Burton (OB) grew monolayer graphene on a copper substrate. Miranda Robbins
(MR) prepared, maintained and imaged the cultured rat neurons. All other experiments and
analysis were performed by the author.

4.1 Introduction

Misfolded amyloid proteins are implicated in neurodegenerative diseases such as Alzheimer's
disease (AD) and Parkinson's disease (PD). To address how the location and aggregation
state of amyloid proteins in neurons leads to electrophysiological changes in neurons, elec-
trophysiological recordings should be combined with advanced uorescence imaging. Since
uorescence microscopes are commonly built in an inverted setup this requires the fabrication
of transparent microelectrode arrays (MEAS). In this work, a transparent graphene MEA was
designed, fabricated and characterised to enable this.

In this chapter, the constraints for building a MEA capable of concurrent electrophysio-
logical recordings with advanced uorescence imaging techniques on an inverted microscope
are laid out. Each component of the graphene MEA is described, along with how it was
designed subject to the imposed constraints. Finally, a fabrication protocol for manufacturing
fully transparent graphene MEAs is proposed.

The background information about MEAs, and speci cally transparent graphene MEAs
can be found in Chapter 2. The background information about the characterisation techniques
used here are given in Chapter 3. The devices described here are further characterised and
used for electrophysiology and imaging experiments in later chapters of this thesis.
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4.2 Design constraints

The requirement of a graphene MEAs to enable concurrent electrophysiological recordings
and super-resolution imaging imposed a number of constraints on the design. The constraints
are listed below:

1. Material processability: Each layer must be deposited and patterned using conventional
microfabrication techniques and without damaging other deposited layers.

2. Biocompatibility: Every material in contact with the cells must be biocompatible with
primary hippocampal neurons. The cells must adhere to the surface, grow neurites,
form an interconnected network of active neurons and survive for at least 28 days.

3. Transparency: Each material must be optically transparent and compatible with ad-
vanced microscopy techniques such as wide eld, confocal uorescence and uores-
cence lifetime imaging microscopy (FLIM) on inverted microscopes.

4. Device geometry: The Multichannel System MEA-2100 Mini ampli er can t on
most standard microscope stages. The MEA device must t in this ampli er stage
which accommodates49 4:9 mn? MEA with a height of 1 mm. The ampli er
records from 60 electrodes (including the reference). The ampli er lid contains contact
pins spaced by 2.4 mm, which are pressed into the planar contact pads when the lid is
closed.

5. Electrode impedance: The electrode impedance must be low enough to reduce the
Johnson noise described by equation 2.5 to lower than th@/2m®ise from the voltage
trace recordings.

6. Electrode geometry: The electrode spacing must be optimised to reduce crosstalk
between electrodes, yet record from synaptically connected neurons. Additionally, the
electrode size must be small enough to selectively record from a few neurons, yet large
enough to maintain a low impedance.

7. Encapsulation layer: An encapsulation layer must be coated over the whole surface
of the device except the electrode sites. The encapsulation layer must have a high
impedance >30 Wto prevent electrode crosstalk.

8. Stimulation: It must be possible to stimulate the neurons at the location of the recording
electrode. The most common ways to stimulate are electrically using the recording
electrode, or optogenetically through the electrode.
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4.3 Graphene microelectrode array fabrication

In light of these constraints, a graphene MEA was designed and fabricated. The main MEA
components are the substrate, electrodes, connecting leads and encapsulation layer (Figure
2.6). Each component is considered independently in light of the imposed constraints, and
an appropriate lithographic patterning technique is chosen.

4.3.1 Substrate

Fig. 4.1 Images of primary embryonic day 14-17 rat neurons on a) a coverslip, b) CvVD
graphene transferred on a coverslip, ¢) ITO and d) gold. Scale bapis.2Bach material is
biocompatible shown by the attachment of the neurons to the substrate and the sprouting of
neurites. Rat neuronal cultures were prepared, plated and imaged by MR.

The rst component considered is the substrate. The graphene MEA is fabricated on an
underlying substrate to provide support for the device, and allow it to be handled. In previous
studies, graphene MEAs have been fabricated on optically transparent substrates such as
glass P2] or polymers like SU-8 80|, polyimide [32], parylene C 84] or polyethylene
terephthalate (PETPR]. However, in general these are not compatible with the high numeri-
cal aperture objectives used in high resolution uorescence imaging which are aberration
corrected for #1.5 coverslips (Constraint 3) [212].

In this device, the graphene MEAs were fabricated on #1.5 coverslips made of borosil-
icate glass with a thickness of 160-180. Coverslips are compatible with conventional
microfabrication techniques such as photolithography, thermal evaporation and lift-off in
acetone (Constraint 1). The substrate is also biocompatible with rat neurons (Figure 4.1a,
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Fig. 4.2 Transmittance of light through the different conducting materials, measured using
UV-vis spectrometry. The materials under investigation are a coverslip, a coverslip with
monolayer CVD graphene, a coverslip with 100 nm sputter coated ITO and a coverslip with
5nm chromium plus 50 nm gold. The coverslip, graphene on coverslip and ITO on coverslip
are suf ciently transparent to allow imaging on an inverted setup, with a transmittance
>91 3%for the coverslip and graphene across 400-1400 nm, @Add 2% for ITO across
400-1400 nm. The gold layer however is opaque with a transmittah8e 4% across
400-1400 nm.

Constraint 2) shown by the attachment of the neurons to the substrate and the sprouting of
neurites. The majority of objectives used in advanced uorescence imaging are aberration
corrected for these coverslips, which have a transmittanc&%¥cacross 400-1400 nm
(Figure 4.2, Constraint 3). The coverslips were cut:® 4:8mm to tin the Multichannel
Systems MEA-2100 Mini headstage (Constraint 4).

4.3.2 Graphene electrodes

The most critical material in the MEAS are the transparent recording electrodes. Historically,
indium tin oxide (ITO) was the most common transparent conductor used in MEAs. How-
ever under repeated stimulation trains, ITO oxidises, looses transparency and increases in
impedance, therefore is not suitable as an electrode material in a MEA [96]. Other possible
transparent conductors used in MEAs are pillars of Z89);[SnG, and hydrogenated amor-
phous silicon 100 and 40% transparent carbon nanotuldeXl]. By far, the most successful
transparent MEA material however is graphe®@ B2, 34, 94, 81, 93, 105, which is used

in this work.

Monolayer graphene can be grown, transferred and patterned using conventional micro-
fabrication techniques (Constraint 1). Chemical vapour deposited (CVD) graphene is ideal
for this application as monolayer polycrystalline graphene can be growmosize scales
[120. CVD graphene was grown by Oliver Burton at ambient pressure, a temperature of
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1070 C on a copper foil 127). Methane gas was used as the carbon feedstock, argon as a
dilutant and hydrogen to activate carbon binding to the metal surface and to etch multilayer
domains which have relatively weak carbon-carbon bot@§|[ This gave a sample with
>97% monolayer coverage, and a grain size >100 pm.

To transfer the graphene onto the coverslip, a poly(methyl methacrylate) (PMMA)
supporting layer was coated over the graphene grown on copper. The PMMA layer is
exible enabling a good contact between the polymer and graphene and strong enough to
prevent the fragmentation of the graphene during the etching prdc23sThe disadvantage
of using PMMA, is it cannot be fully removed from the graphene after the transfer without
introducing additional defects to the In2[L3. To pattern the transferred graphene, a mask
was photolithographically de ned, and the exposed graphene was etched vihpasma.

Fig. 4.3 Graphene is heated from room temperature to@50 a hotplate after the transfer.

a) Raman spectra of graphene after each heating step. The presence of monolayer graphene
through the transfer and heating steps is con rmed by the single Lorentzian shape of the
2D peak at 2680 cm . b) The sheet resistance and contact resistance were found using a
transmission line, and the graph of sheet resistance versus channel length. The sheet resistance
increased fron584 13W ! at room temperature, tD00 20W ! at250 C, and the

contact resistance between the graphene and gold wires increasett3ror::2 kwat room
temperature, to:2 0:5kWat 250C. Graphene was grown by OB.

It was investigated whether a post transfer heating step would alter the quality of the
graphene, and increase its conductivity. Thermal annealing was performed on a hotplate in
air, the transferred graphene was heated sequentially for 5min on a hotplate at increasing
temperatures up to 250 (Figure 4.3). Monolayer graphene was present on the substrate after
each heating step, evidenced by the single Lorentzian shape of the 2D pe2k&d cm !
in the Raman spectrum. The sheet resistance and contact resistance were calculated using a
transmission line measurement. The sheet resistance increase8om3W ! atroom
temperature, td000 20W 1 at 250C, and the contact resistance between the graphene
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Fig. 4.4 a) Raman spectra of the graphene MEA taken at 514 nm, with a linear subtraction
of the coverslip background. Spectra are taken after transferring the graphene onto glass,
etching the graphene into wires, and coating and patterning a PMMA encapsulation layer
over the device. The presence of monolayer graphene at each step is con rmed by the single
Lorentzian shape of the 2D peak a2680 cm . b) Map of the Raman intensity of the 2D

peak at 2694m * overlayed on an image of the electrodes. A photolithographically de ned
AZ5214E mask de nes the regions of graphene that has been successfully etcBed by
plasma. Graphene was grown by OB.

and gold wires increased froin3 0:2 kWat room temperature, @1 0:5kWat 250C.

This contrasts with the thermal annealing of graphene in a va¢fii 215]and is likely

due to oxidation of the graphene in air. Based on these results, no post transfer heating step
was implemented.

Since the optical contrast of graphene on a coverslip is extremely low, Raman spec-
troscopy was used to identify and characterise the graphene at each fabrication stage (Figure
4.4). After transfer, a mask was photolithographically de ned, and the exposed graphene
was etched usin@, plasma. The successful patterning of the graphene was con rmed by
Raman mapping the 2D peak at 2694 ¢m

To characterise the graphene using the Raman spectra, a single Lorentzian peak was
tted under each of the D ( 1350cm 1), G ( 1580cm 1) and 2D ( 2680 cm 1) Raman
peaks (Table 4.1). The good t of a single Lorentzian to the 2D peak con rms the transferred
material was monolayer graphenksf]. Mean defect density can be calculated from
the intensity ratio of the D to the G peak which waf))=I(G) < 0:2). The low defect
concentration renders Equation 3.2 inaccurate, so it was concluded that the mean defect
density wasip < 2 10'%cm 2 giving a mean interdefect distancelaf > 30nm [159.

Charge carrier concentration from doping can be determined from the position of the G or 2D
peak (i(G), n(2D)), the full width at half maximum of the G pealg(G)), the intensity ratio

of the 2D to G peak(2D)=I1(G), or the area ratio of the 2D to G peal2D)=a(G) [159.
1(2D)=l(G) is not affected by strain, so was used to calculate the charge carrier concentration
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Table 4.1 Fit of the Raman spectra of graphene at each stage of fabricating a graphene MEA,
giving the Raman shiff}, width, Gand intensityl, of each peak. The parameters are given
from a single Lorentz t of the Raman D peak at1350cm !, G peak at 1580cm * and

2D peak at 2690 cm ! at each processing step. Additionally, the defect and doping levels
as calculated from these peak ttings. The concentration of defegtsyas calculated from
I(D)=1(G), and the concentration of holes from doping, as calculated from(2D)=l (G).
Graphene was grown by OB.

Peak Transfer Etch Encapsulate
D peak

fi (cm 1) 1350 8 1350 8 1360 9
G(cm 1) 32 18 27 16 40 30
I (a.u.) 06 06 12 16 05 06
G peak

fi (cm 1) 1591 6 1593 6 1592 4
G(cm b 23 6 236 20 7
I (a.u.) 33 1.3 33 1.2 38 17
2D peak

fi (cm 1) 2693 6 2695 4 2696 4
G(cm b 40 7 39 6 37 6
I (a.u.) 84 3 7 2 7 2

Doping & defects
np ( 10%cm 1) <002 <002 <002
np( 10%2cm 1) 3 3 3 4 3 3

from doping asy, = 3 10%%cm 2. Generally, the graphene grown on copper is n-doped
[216], but becomes p-doped after PMMA assisted transfer with ammonium persulphate
etching [217].

The biocompatibility of the graphene (Constraint 2) was investigated by imaging embry-
onic day 18 rat neurons on graphene and glass substrates (Figure 4.1a,b). The criteria for
neuronal viability was the neurons had survived on the substrate to this age without clustering,
rounding up or dying, and in addition grew axonal and dendtritic extentions. This was true
for both the graphene and glass substrates, so they were deemed suf ciently biocompatible
for this context in agreement with Rastagial. [147].

The transparency of the graphene is important for constraint 3. The transparency of
graphene transferred onto a coverslip measured using UV-vis spectroscopy had a high
transmittance of 81 3% of light from 400-1500 nm (Figure 4.2). This makes sense since
a single graphene layer absorbs 2.3% of light from 400—-750 nm [106].



60 Design and fabrication of transparent graphene microelectrode arrays

Fig. 4.5 a) Electrochemical impedance spectra and b) Box plot showing the dependence
of 1kHz impedance magnitude on area for gold electrodes in phosphate buffered saline.
The box shows the mean, upper and lower quartile, and the whiskers rept#serie

inter quartile range. The data shows the decrease in electrochemical impedance magnitude
when the electrode area is changed fra878 0:012 MW for a 1440Qun¥ electrode to

205 9kwfor a 900 um electrode.

The nished device was used in a Multichannel System MEA-2100 Mini ampli er. This
ampli er can record from 60 electrodes, therefore the device was fabricated with 60 working
electrodes (Constraint 4). To ensure crosstalk between the electrodes does not need to be
considered in the data analy$Sonstraint 6) the electrodes should be spaced by at least
100 um [47] Devices with a lower electrode spacing, and therefore a higher density of
electrodes are able to record sub-cellular features, but can experience the effects of cross talk
especially for high impedance electrod6s, 218] To ensure recording from a synaptically
connected network of neurons, the electrode spacing should be smaller than the length of
neuronal axon# vivo which is up to 500 mm in rat2[L9. In this graphene MEA, the
electrodes were spaced by 20®, allowing an area of 1.7 to be mapped by electrodes.

In general the larger the recording electrode area, the smaller the electrode impedance
and subsequently the Johnson noise (Figure 4.5). However, smaller electrodes have a greater
speci city since they record from fewer neurons. For the gold electrodes in phosphate
buffered saline (PBS), the impedance magnitude decreasef83® 0:012 MW for a
14400un? electrode t®205 9 kWfor a 900uny electrode. The fabricated electrodes had a
diameter of 3um larger than the size of a neuronal soma (5g20n diameter) #2]. The
measured voltage trace will be the superposition of signals from 10s of neurons, including
the neurons in contact with the electrode and signal from a broader surrounding area up to
100 pmaway. Assuming each ring neuron has a distinct spike shape, individual neurons
should be identi able from the ensemble voltage trace measurement by grouping the spikes
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by shape 84]. The planar internal reference electrode was made of gold with an area of
26.3mnf¥.

Each MEA included two features to check the resistance of the transferred graphene.
Firstly, two electrodes were short circuited by a graphene bridge, to measure the resistance
of the connecting wires plus tte® 200 umgraphene strip. The second was a transmission
line outside the recording area which allowed the graphene sheet resistance to be calculated
using equation 3.4 to be 50@00W.

Having worked through each constraint related to the graphene electrodes, the nal
graphene MEA design used transparent graphene electrodes, grown by CVD on a copper
catalyst and transferred onto the substrate using a PMMA supporting layer. There were sixty
electrodes with a diameter of p@n and a pitch of 20Qm. This geometry allows for the
direct comparison with devices purchased from Multichannel Systems. From characterising
the graphene, we founth < 2 101%cm 2, n,= 3 10%cm 2 and the graphene sheet
resistance is 500200W.

4.3.3 Connecting leads

The lid of the Multichannel Systems MEA2100-60 headstage contains 60 pins spaced by
2.4mm. When the lid is closed, the pins press against thm@2contact pads on the

MEA to connect the ampli er and the MEA. Connecting leads interface between the external
contact pads and the internal electrodes. Since graphene would delaminate when contacted by
the pins and has a high sheet resistance, the connecting leads were fabricated from Au or ITO.
Three designs for the connecting wires were considered, pure gold wires, pure ITO wires
and a 5mn? central ITO region with external gold leads (Figure 48)(, 97]. In addition,

with each wire has a short 15 um graphene length bridging to the graphene electrode.

The pattern for the connecting leads was de ned by photolithography and lift-off. The
Au and ITO were deposited by thermal evaporation and sputter deposition respectively
(Constraint 1).

The ITO on coverslip is suf ciently transparent to allow imaging on an inverted setup
(Constraint 3), with a transmittanc&4 2% across 400-1400 nm. The gold layer however
is opaque with a transmittaneel3 1% across 400-1400 nm (Figure 4.2). The Au-ITO
and pure ITO lead con gurations give transparent central regions.

Complete devices were fabricated using the different lead materials, with a short circuit
between two central electrodes to enable the resistance of the leads to be measured (Constraint
5). The resistance of the Au, Au-ITO and ITO leads wei® 0:03,8 3and23 7kwW
respectively, with a Johnson noise®82 0:06, 1:1 0:7 and1:9 1:0uV respectively
given a bandwidth of 10 kHz. The mean noise measured in the voltage trace recordings was
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